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The accurate method of treating electrical subjects which has been 
established in this country by Sir Wm. Thomson and his coadjutors, 
has not yet been adopted in France; and some of Faraday's electro- 
magnetic work appears to be still very imperfectly appreciated by 
French writers. The Editor has accordingly found it necessaiy to 
recast a considerable portion of the present volume, besides intro- 
ducing two new chapters (xxxix\ and XLi^.) and an Appendix. 
Potential and lines of force are not so much as mentioned in the 
original 

The elements of the theory of magnetism have been based on Sir 
Wm. Thomson's papers in the Philoeophical Transactions; and the 
description of the apparatus used in magnetic observatories has 
been drawn from the recently published work of the Astronomer 
Royal The account of electrical units given in the Appendix is 
mainly founded on the Report of the Electrical Committee of the 
British Association for the year 1863. 

M. DeschaneFs descriptions of apparatus, of which some very 
elaborate examples occur in the present volume, left little to be 
desired in point of clearness. In no instance has it been found 
necessary to resort to the mere verbal rendering of unintelligible 
details. 



ERRATUM. 

In fig. 856 the paper armatures are wrongly placed. Their hroad parts should bs 
exactly opposite the combs P P', and their points //' which project through the windows 
should be turned the opposite way to that represented in the figure, so that the revolting 
plate may pass them before it passes the oombs. 
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CHAPTER XXXV. 



INTBODUCTOBT PHENOMENA. 



408. Fundamental Phenomena. — If a glass tube be rubbed with a 
: liandkercbief, both tube and rubber being very dry, the tube 
will be found to have acquired the propeity of attracting light bodiea 
If the part rubbed be held near to small scraps of paper, pieces of 




cut straw, sawdust, tf., Uteac 
times the^ remain in conta^ 



■xis will move to the tube; soiue- 
\ sometimes they are alternately 
% well as the duration of tbese 
of friction to which the tubo 

a sensatioD similar 
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to that prodnced by the conUctofa eobweb If the knackJe babeld 
Dear the tube, a pecoliar cracldiog noiad is beard, and a brig;!)! apark 
passes between the tabe aad knuckla The tube then h&s acquired 
peculiar properties by the application of fiictton. It is said to i* 
eUctrijied, and tlie name of electricity is giTen to the agent to vhick 
the various phenomena jost described are attiibated. 

Glass is not the only Bnbst&noe which can be etectriBed by fiicttoo; 
the same pro]>erty is possessed also by resin, snlphur, precious sUhkr 
amber, &c The Greek name of this last substance (fX£cr|>or} is tli« 
root from which the word eUctricit;/ is derived. 

At first sight it appears that this property of becoming electrified 
by frictJou is not common to all bodies ; for if a bar of metal be held 
in the band and nibbed with wool, it does not acquire the properties 
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of an electrified body. But we should be wrong in coDclnding titaX 
metals cannot be electrified by friction; for if the bar be dtted on to 
a glass rod, and, while held by this handle, be struck with flannel or 
catskin, it may be very sensibly electrified. There is therefore no 
basis for the distinction formerly made between electrics and nOD- 
electrics, that is, between substances capable and incapable of being 
electrified by friction ; for all bodies, as far as at present known, an ' 
capable of being thus excited. There is, however, an important dif- 
ference of another kind between them, wliich was first pointed ob 
by Stephen Grey in 1729. 

409. Conductors and Hon-condactan. — In certain bodies, such m 
glass and resin, electricity does not spread itself beyond the parte Q 
the surface where it has been developed ; while in other bodies, sodt 
as metaJ.'j, the electricity developed at any point immediately spre 
ibtelf over the whole body. Thus, in the last-mentioned experiment 
the signs of electricity are immediately manifested at the end of the 
metal bar which in farthest from the glass rod, if the end next the 
rod be submitted to friction. Bodies of the former kind, such ae 
glass, resin, &c, are said to be non-condtLctors, Metals are said tc 
be good conductors. A non-conductor is often called an insulator, 
and a conductor supported by a non-conductor is said to be in- 
nulatetl. The appropriateness of these expressions is evident No 
substance is perfectly non-conducting, but the dilference in co' 
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iog power between what ai-e called non-conduotora and good ouii- 
ductors. ia enormous. The following are lists of conductors and 
non-conductors, arranged, at least approximately, in order of their 
conducting powers, In tlie list of conductors, the beat conductors 
are put first; in the list of non-conductors, the woret conductora (or 
best insulators) are put fii-st. 



I 



Whc 









AE matals. 


MataUie ores. 




Well- burned ohftrcoRl. 


Aniinttl fluidB. 


Fl«. 


Plumbaga, 


Sen water. 


Hemp. 


Concenttatetl acids. 


Spring waWr. 


Using animaLi. 


Dilute urids. 


R«n »ater. 


Flame. 


S>Uw mlaUuDB. 


Bno*. 
NoK-CONODcrottS. 


Uoitt earth aai n 


Shellac. 


Gam.. 


Baked wood. 


Ambar, 


Ebonite. 


Paraelun. 


Keaas. 


GatWi.peroli.-u 


Marble. 


SulpbuT. 


ffilk. 


CunphoT. 


w«. 


WooL 




Jet. 


FeatherB. 


CWk. 


QUu. 


Dryp-per. 


Lime. 


Mic^ 


Pttidime^y 


Oils. 


KWQCinJ. 


Leather. 


Metallic oxidoe 



le human body is a good conductor of electricity. If a person 
standing on a stool with glass legs be struck with a catskin, he 
becomes electrified in a very pecceptible degree, and sparks may be 
drawn from any part of his body. 

When an insulated and electrified conductor is allowed to touch 
another conductor insulated but not electrified, it is observed that, 
after the contact, both bodies possess electrical properties, electricity 
having been communicated to the .second body at the expense of the 
first If the second body be much the larger of the two, the electri- 
city of the first is greatly diminished, and may become quite insen- 
sible. This explains the disappearance of electricity when a body is 
put in connection with the earth, which, together with most of the 
objects on its surface, may be regarded as constituting one enormous 
conductor. On account of its practically inexhaustible capacity for 
furnish) OflLflc Ab.sorbing electricity, the earth is often called the co-m- 



at m 




sily understood why it is not possible to electrify 
og it while it is held in the hand; since the 
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electriuity, as last as it is generate J, passes otf through tbe body into 
the earth. 

Air, when thoroughly dry, is an excelient insulator ; and electrified 
condiictora exposed to it, and otherwise insulated, retain their cti&rge 
with very little diminution for a considerable time. Dampness !□ 
tlie air la, however, a great obatacle to insulation, partly from tlie 
impaired insulatiug power of the air iteelf, and still more from the 
moisture which condenses on the insulating supports. Electrical 
experiments are accordingly very difficult to perform in damp wea- 
ther. The difficulty is sometimes met by employing a stove to heat 
the air in the neighbourhood of the supywrts, and thus diminisb iia 
relative humidity. Sir W. Snow Harris employed lieating-irons, 
which were heated in a fire, and then fixed near the insulating sup- 
ports; and thus succeeded in exhibiting electrical experiments bo an 
audience in the most unfavourable weather. Sir W. Thomson, by 
keeping the air in the interior of his electrometers dry liy means of 
sulphuric acid, causes them to retain their charge with only a Bmidl 
percentage of loss in twenty-four hours. Dry fj-osty days are the best 
for electrical experiments, and next perhaps to these, is the season of 
dry cutting winds in spring. 

410. Duality of Electricity, — The elementary phenomena which 
have mentioned in the beginning of this chapter may he more 
rately studied by means of the electric pendulum, which consists 
pitli-batl suspended by a silk fibre from an insulated support. Wboft 
an electi-ified glass rod is brought near the insulated ball, the latter 
is attracted ; but as soon as it touches the gla,ss tube, the attraction 
is changed to repulsion, which lasts as long as the ball retains blie 
electricity which it has acquired by the contact. A similar experi- 
ment can be shown by employing, instead of the glass tube, any 
other body which has been electrified by fiiction. for example, a 
piece of resin which has been rubbed with fianneL 

If, while the pendulum exhibits repulsion for the glass, tbe electri- 
fied resin is brought near, it is attracted by the latter ; and conversely, 
when it is repelled by the resin, it is attracted by the glass. These 
phenomena clearly show that the electricity developed on the I'asin 
is not of the same kind as that developed on the glass. They exhibit 
opposite foi'ces towards any third electrified body, each attracting what 
the other repels. They have accordingly received names whith indi. 
cate opposition. The electricity which glass acquires when rubbi 
with silk, is called positive; and that which resin acquires by 1^ 
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pith flannel, negative. The former Is also called vitreous, and the 
r reainous. On repeating the experiment with other substanc&s, 




I 



it is found that all electrified bodies behave either like the glass or 
like the resin. 

410a. — Without making any assumption as to what electricity is, 
we may speak of an electrified body as being charged vfith electricity, 
and we may compare quantities of electricity by means of the attrac- 
tions and repulsions exerted. Bodies oppositely electrified must then 
be spoken of as charged with electricities of opposite tn/nd, or df 
opposite sign ; and experiment shows that, whenever electricity of 
the one kind is developed, whether by friction or by any other means, 
electricity of the opposite sign is always developed in exactly equal 
quantity. If a conductor receives two charges of electi'icity of equal 
quantity but opposite sign, it is fouud to exhibit no traces of electri- 
city whatever. 

Bhctricities of like sign repel one another and those of unlike 
lig-ti, attnxct one another. — The magnitude of the force exerted upon 
each ot' — *"" two electrified bodies, is not altered in amount by 
a of the electricity of one or both of them, provided 
f electricity, and their distribution over the two 
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bodies, remain nnclianged. If the sign of one only be changed, the 
mutual force is simply reversed, and if the agna of both be changed, 
tlie force is not clianged at aU. 

411. — The simultaneous development of both kinds of eleotricitj' 
is illustrated by the following experiment: — Two persons stand on 
etools with glass legs, and one of them strikes the other with a cat- 
skin. Both of them are now found to be electrified, the striker posi- 
tively, and the person struck negatively, and from both of them 
sparks may be drawn by presenting the knuckle. 

The kind of electricity which a body obtains by friction with 
another body, evidently depends on the nature ol their surfaces. H 
for example, we take two discs, one of glass, and the other of metal, 
and, holding them by insulating handles, rub them briskly togethi 
we shall find that the metal becomes negatively, and the glass posi- 
tively electrified; but if the raetat be covered with a catskin, and the 
experiment repeated, it will be the glass which will this time bo 
negatively electrified. In the Bubjoined list, the substances are 
arranged in such order that, generally speaking, each of them be- 
comes positively electrified by friction with those which follow it, 
and negatively with those which precede it 



Fur «f M. 


Ft*then. 


Silk. 


Pol»h«l ^luB. 


Wood, 


ShclUc 


WooUcn Btu!6, 


PM«r. 


Rough 



411 A. Hypotheses regarding the Nature of Electricity. — Two theoriea 
regarding the nature of eiectricity must be described on account 
the historical interest attaching to tliem. 

The twojlvid theory, origimJly pmpoundcd by Dufaye, reduced 
to a more exact form by Symraer, an J still very extensively adopte<^ 
maintains that the opposite kinds of electricity are two fluids. Poa^ 
tive electricity is called the vitreous fiiiid, and negative electri<aty| 
the resinous fluid. Fluids of like name r^ipel, and those of unlik^ 
name attract each other. The union of equal quantities of the two 
fluids constitutes the neutral fluid which is supposed to exist in very' 
large quantity in all unelectrified bodies. When a body is electri- 
fied, it gains an additional quantity of the one fluid, and loses an 
equal quantity of the other, so that the total amount of electric fluid 
in a body is never changed ; and (a.s a consequence of this last con- 
dition) when a current of either fluid traverses a body in any direc~ 
tion, an equal current of the other fluid traverses it in the opposite 
direction. 
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^M This theory is ia complete iigreeinent with all electrical phenomena I 
^Rd far as at present known ; but as it is conceivable that the two | 
electricities, instead of being two kinds of matter, may be two kinds 1 
of motion, or, in some otlier way, may be opposite states of one and 
the same substance, it is more philosophical to avoid the assumption 
involved in speaking of two electric jliiids, and to speak rather of J 
two opposite electricities. They may be distinguished indifferently I 
by the names mtreous and retsinous, or positive and negative. 

The one-fliiid theory, as originally propounded by Franklin, main- 
tained the existence of only one electric fluid, which unelectrifis'J | 
bodies possess in a certain normal amount. A positively electrified ^ 
body has more, and a negatively electrified body less than its normal 
amount. The particles of this fluid repel one another, and attract 
the particles of other kinds of matter, at all distances. .^Epinus, in 
developing this theory more accurately, found it necessary to intro- I 
duce the additional hypothesis that the particles of matter repel one 
another. Thus, according to ^Epinus, the absence of sensible force 
between two bodies in the neutral condition, is due to the equilibrium 
of four forces, two of which are attractive, and the other two repul- 
sive. Calling the two bodies A and B, the electricity which A pos- 
sesses in normal amount, is repelled by the electricity of B, and 
attracted by the matter of B. The matter of A is attracted by the 
electricity of B, and repelled by the matter of R These four forces 
are all equal, and destroy one another; but, without the supplemen- 
tary hypothesis of .fEpinus, one of the four forces is wanting, and the 
equilibrium is not easily explained. To reconcile jEpinus's addition 
with the Newtonian theory of gravitation, it is necessary to suppose ' 
that the equality between the four forces is not exact, the attractions 
being greater by an infinitesimal amount than the repulsions. J 

The one-fluid theory in this form is, like the two-fluid theory, con- I 
sistent with the explanation of all known phenomena. But it is to ' 
be remarked that thei-e is no sufficient reason, except established 
usage, for deciding which of the two opposite electricities should be 
regarded as corresponding to an excess of the electric fluid. 

Franklin was the author of the tenns positive and negative to 
denote the two opposite kinds of electrification ; but the names can 
legitimately be retained without accepting the one-fluid theory, 

^•iing that opposite signs imply forces in opposite directions, 
connection between the ^positive sign and the forces 
y^Qiia electricity is merely conventionaL 



512 IXTRODUCTORT PHENOMENA. 

411b. — In speaking of electric currents, the language of the one- 
fluid theory is almost invariably employed Thus, if A is a con- 
ductor charged {x^sitively, and B a conductor charged negatively; 
when the two are put in connection by a wire, we say that the 
direction of the cum^nt is from A to B; whereas the language of the 
two-fluid theory would be, that a current of vitreous or positive 
electricity travels from A to B, and a current of resinous or negative 
fjx)m B to A 
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ELECTRICAL INDUCTION. 
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^P 412. Indaotlon. — In the preceding chapter we have spoken of move- 
B ments of material bodies caused by electrical attractions and repul- ' 

sions. We have now to treat of the movement of electricity itself 

in obedience to tlie attractions or repulsions exerted upon it by other 

electricity. This kind of action is called induction. 

It may be illustrated by means of the arrangement shown in Fig. 

336. The apparatus consists of a sphere C which is electrified posi- 
tively, suppose, and of 

a conducting insulated 

cylinder A B placed 

near it. From this 

latter are suspended at 

equal distances a few 

pairs of pith-balls. 

When the cylinder 

is brought near the 

sphere, the balls are 

observed to diverge. 

The divergence of the 

different pairs is not 

the same, but gi^es on decreasing from the pair nearest the cylinder J 

until a point M js reached, where there is no divergence. Beyond ' 

t.lii-. ilh' djv(]CimH> C"'-* on increasing. The neutral point M does 

length of the cylinder, but is nearer the end 

end is found to be mora strongly 
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the end B positively electrified. We have only to bring an electrified 
stick of resin near the pith-balU at A. when these will be found to 
be repelled ; if, on the contrary, it be held near those at B, they will 
be attracted. 

The explanation is, that the positive electricity with wbich C is J 
charged attracts the negative electricity of AB to the end A, andj 
repels the positive to the end R This action is more powerful at JlM 
than at B, on account of the greater proximity of the iiiflueDong' I 
body, and for the same reason the effect falls off more rapidly in tba 1 
portion A M than in M B , 

If the cylinder be brought closer to tlie sphere, the divergence of J 
the balls increases ; if it be removed farther from it, the divergence | 
diminishes. Finally, all signs of electricity disappear if the spbei 
^ be taken away, or connected with the earth. 

^m If, while the cylinder is under the influence of the electricity of Q J 

^M the end B is connected with the earth, the pith-balls at this end I 

^V immetliately collapse, while the divergence of those at A increasea i 

The explanation is that the electricity which wi^ repelled to the end'j 
B escapes to the earth, and thus afiurJs an opportunity for a fresb i 




exercise of induction on the )>art of the sphere, ■ 
accumulation of negative electricity at A. We 
the whole of the cylinder is now negatively c 
line being pushed back to the earth. If tli'i 
now broken, and the sphere C be tlit-n iv 
remain negatively electrified, and will hv 
it had been touched by a negatively-elci 



hich inereaaea the I 
-also iL-umrk that } 
-ititil, the 1 



mm 



^" ft ATTRACTION AND KKrULBION. 616 

of giving a oliarge to a conductor b called charging by iiuliiction, 
and the charge thus given is always opposite to that of the induelng 
bodyC. 

If a series of such conductoi-s as AB be placed in line, without 
contact, and the positively- electrified body C be placed opposite to 
one end of the aeries, all the conductors will be affected in the same 
manner as the single conductor in the last experiment. They will 
all he ciiarged with negative electricity at the end next C. and with 
positive electricity at the remote end, the effect, however, becoming 
feebler as we advance in the seriea In this experiment each of the 
conductors acts inductively upon those next it ; for example, if there 
be two conductors AB, A'B', as in Fig. 337, the development of 
electricity at A' and B' ia mainly due to the action of the positive 
electricity in M B. If the conductor A B be removed, the pith-balls 
at A' and B' will diminish their divergence. 

The molecules of a body may be regarded as Bucli a series of con- 
ductors, or rather as a number of such series. When an electrified 
body ia brought near it, each molecule may thus become positive on 
one side and negative on the other. In the case of good conductors, 
this polarization is only instantaneous, being destroyed by the dis- 
charge of electricity from particle to particle. Good insulators are 
substances which are able to resist this tendency to discharge, and 
to maintain a higlk degree of polarization for a great length of time 
This is Faraday's theory of "induction by contiguous pai-ticlea." 

413. Klectrical Attraction and Bepulsiou. — The attraction which ia 
observed when an electrified is brought near to an unelectvified body, 
is dependent upon induction. Suppose, for 
instance, that a body C, which is positively \ 
electrified, is brought near to an insulated and \ 
uncharged pitli-ball. Negative electricity is \ i 

induced on the near side of the pith-ball, and V y" (* .f 

itQ equal quantity of positive on the further 

side. The former, being nearer to the body C, ptg. bm- Ri.tui,=i nuflcu™, 
is more strongly attracted than the other is 
repelled. The bull is therefore upon the whole attracted. 

If the pith-ball, instead of being inaulated, is suspended by a C()n- 
y^^^"^~ thread from a support connected with the earth, it will be 
^^^L ' / attracteil than before, as it is now entirely charged 

^^H "tncity. 
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electricities iodoced npon it bv the pnsoace of a neigfabdoring deO- 
trified body roust be zrra If the pitli-ball be insoUted. and baw 
an indepeodent charge of «theT kiDd of electndty, tb« total force 
exerted on the [Hth-lmll is the algebni« sum* of tbe two foUowiiig 
quantities : — 

(1) Tbe force which tlie bail voold experienoe, if it bad no 
UMlepeodeDt chaige. Thb forc«. as we have jast seen, is always 
attractive. 

(2) Tbe force due to the independent cbar^ when distribated over 
tbe ball aa it would be if C were removed. Tbis secoad Sme JB 
attractive or repulsive, according as the iodepeodent chaige is d 
unlike or like sign to that ot C In tbe latter case, repulsion viD 
generallv be observed at distaoees exceedii^ a eertain limit and 
attraction at nearer distances, the reason being that tbe force (1) doe 
to the induced distribation increases more rapidlj than the otbor M 
the distance is diminished. 

It is important to remember this in testing, bj the electaric pea- 
daloHL or by any other electroscope, the kind of electricity witli 
which a body is charged. In brining tbe body towards the ele» 
uoscope; tbe first movement produced is that which is to be obeerredL 
and repnbion is in g^ieral a more reliable test of kind of electrici^ 
than attraction. 

415. Eleetroeeopes. — An electroscope is an apparatus for detecting 
the presence of electricity, and determining it£ sign. The insulated 
electric pendulum is an electrosi.-ope: If the pitb-balL when iliwJf 
uncharged, is attracted by a body brought near it, we know that the^ 
body is electrified. To detennine the kind of electricity, the 
ts allowed to touch tbe pith-ball, which is then repelleil. Al 
moment an excited glass tube is brought near. If it rej^-els tie hall, 
this latter, as well as tbe body which touched it, must l>e ok-ctnSed 
poftitiTely. If the glass tube attracts it, or, still more decisively, if 
excited resin or sealing-wax repels it, the ball and the body wl 
touched it are dectrified negatively- The loss of electricity from 
pith-ball is often so rapid as to fender this test o f sig n soiuewl 
uncertain. 

The gold-Uaf eUctrvacope (Fig. 339) is consi 
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'wo small goIti-leave8 are attached to the lower aid of a metallic 
which passes through aa opening in the top of a bell^lass. and 
mioates in a ball The metallic rod is sometimes, for the sake of 
itter insulation, inclosed in a glass tube secured by sealing-wax or 
une other non-conducting cement, 

ind, for the same purpose, the upper i-* 

^part of the bell-glass is often varnished 
with shellfK^ which is less apt than 
glass to acquire a deposit of moisture 
from the air. The beU-glaae is attached 
below to a metaUic base, which ex- 
cludes the external air, For the gold- 
leaves are sometimes substituted two 
straws, or two pith-balls suspended 
rby linen threads; we have thus the 
',raAa-electroec02Je and the pit/i-ball 
'troacope. 

To test whether a body is electri- 
ied, it is brought near the ball at 
the top of the electroscope. The like pig, ssp.-g.w-]-*! h;i™tn*.^i». 
electricity is repelled into the leaves, 

and makes them diverge, while the unlike is attracted into the 
,'ball. The sign of the body's cliai^ may be determined in the 
lUowing manner: — While the leaves are divergent under the in- 
of the body, the operator touches the ball with his finger. 
This causes the leaves to collapse, and gives to the insulated con- 
ductor composed of leaves, rod, and ball, a charge opposite to that 
of the influencing body. The finger must be removed while the 
influencing body remains in position, as the amount of tlie induced 
charge depends upon the position of the influencing body at the 
instant of breaking connection. On now withdrawing the influencing 
body, the charge of uniike electricity is no longer attracted to the 
but spreads over the whole of the conductor, and causes the 
.ves to diverge. If, while this divergence continues, an excited 
tube, when gradually brought towards the ball, diminishes the 
know that the body in que||^^kKi electrified posi- 
*he divergence, th^^^^^^ electrified nega- 
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quick movement& If they diverge so widely as to touch the sides 
of the bell-glass, it is often difficult to detach them firom the glan 
without tearing. To prevent this contact, two metallic columns are 
interposed, communicating with the ground. If the leaves diverge 
too widely, they touch these columns and lose their electricity. 



A 




MEASUREMENT OF ELECTRICAL FORCES. 



416. Conlomb's Torsion-balance. — Coulomb. w)io was tlie first to 
make electricity an accurate science, employed in his researches an 
instrument which is often called after hia name, and which ia still 
extensively employed. It depends on the principle that the torsion 
of a wire is simply proportional to the twisting couple. We shall 
first describe it, and then point out some of its applications. 

It consists of a cylindrical glass 
case AA (Fig. 340), from the upper 
end B of which rises another gla&s 
cylinder DD of much smaller dia- 
meter. This small cylinder is fitted 
at the top with a brass cap a, carry- 
ing an index C. Outside of this, 
and capable of turning round it, is 
another cap b, the top of which is 
divided into 360 equal parts. In 
the centre of the cap b is an opening 
through which passes a small metal 
cylinder d, capable of turning in 
the opening with moderate fric- 
tion, and iiaving at its lower end 
a notch or slit. Wlien the cap b 
^ja turned, the cylinder (l turns with f,^^ 3jo.-cuiiio.iiu-.Tut.iouiMiBi.M 

ba( ^^jg^mg^^^ also be 

»diange the reading. Tliese parts oom- 

metallic wire is held tw^mptcb, 

I, through whidi M^^^Pb''^ 

laemallgilt t»iD|^^^^ ibir 
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scale rune round the outside of the 1»t^ cylinder in tlie plane of Uie 
needl& Finally, opposite the zero of this scale, there is a fixed baJl ^ 
of some conducting niatt-ria], supported by a rod f of shellac, whidi 
passes through a hi>le in tiie cover of the cylindrical case. 

417. Laws of Electric Bepulsion. — To illustrate the mode of era- 
|)loying this apparatus for electrical measuremeots, we ahall explaiii 
the course followed by Coulomb In investigating the law according 
to whicli electrical repulsions and attractions vary with the dLtstance. 
The index is set to the zero of the scale. Tlie inner cyliuder d 'a 
then turned, until the movable ball just touches the tixed ball without 
any torsion of the wire. The fixed ball is tlien taken out. placed 
in communication with an electrified body, and replaced in tlie 
apparatus The electricity with which it is chained is coDunu- 
nicated to the movable ball, and causes the repulsion of this latter 
through a nuuiber of degrees indicated by the scale which 8urTOQnd& 
the case. Jn this [KMition the force of repulsion is in equilibriom 
with the force of torsion tending to bring back the ball to its orieiiuJ 
position. The graduated cap b is then turned so as to ojtpose tb« 
repulsion. The movable ball is thus brought nearer to the fixed 
ball, and at the same time the amount of torsion in the w^ire is 
increased. By repeating tins process, we obtain a number of dif- 
ferent positions in which repulsion is balanced by torsion. Bat 
we know, from the laws of elasticity, that the force (strictly the 
couple') of torsion is proportional to the angle of torsion. Hence we 
have only to compare the total amounts of torsion with the distarK» 
of the two halls. By such comparisons Coulomb found that the fon» 
of electrical repulsion varies inversely ua the 8qita->-e of the dUtanoe. 

The following are the actual numbers obtained in one of ibe 
experiments. The originiil deviation of the movable ball being 36", 
it was found that, in order to I'cduce this distance to 18°, It was 
necessary to turn the head through ISti", and, for a fartlier reduction 
of the deviation to 8'-5, an additional rotation through 4+1' ^ 
required. It will thus be perceived that at the distances of 36% 1 
and 8°"5, which may be practically considered as in the ratio of 1, 
and J, the forces of repulsion were equilibrated by torsions of 

' The Tepubive foroa on the movable btH is equiralent to an eqiuU and 
acting ttt the centre of the needle (the point ot atUcbment <if thi.' wire). ~' '' 
arm in the perpendicular from this centre on the lino joining t)iu ba' 
be equal to the couple of toraion. The other coBipunent pnnluuo ■ 
•uipending wire from the Tertical. 
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126''+18'=14i°, and 441 + 126 + 8 5 = 575'''5 i-especUvely. Now 144 
ia 36x4, nod 5755 may be considered as 576, or 36x16. Henoe 
we perceive that, tui the distance ia divided by 2, or by 4, the force 
of repulsion is multiplied by 4 or by 16, which precisely agrees with 
the law enunciated above, 

418. Equation of Equilibrium. — We must, iiowever, observe tliat 
in this mode of reducing the obscr „ 

rations two inaccurate assumptions 
are made. First, the distance be- 
tween the balls is regai-ded as being . 
equal to the arc which lies between / 
them, whereas it is really the chord / 
of that arc. Secondly, the force *^^ 
of repulsion is re^rded as acting 
»stways at the same arm, whereas 
^ts arm, being the perpendicular 
£-om the centre ou the chord, dimi- 
nisheB as the distance increasea The following investigation ia more 
rigorous. 

Let AOB (Fig, 341), the angular distance of the balls, be denoted 

■by a, and let I be the length of the radius OA. Then the chord 

B is 21 sin J a, and the arm K is / cos J a. Let / denote the 

of repuistou at unit distance, and 7i the couple of torsion for 1". 

i the force of repulsion in the given position is ■ 1 1 " if the 

iw of inverse squares be true, and the moment of this about the 

> which must be equal to ?iA, if A be the number 



mtre is - 






f degrees of torsion. Hence we have 

kod as the first member of tliis equation is constant, the second mem- 
ber must be constant also for different values of A and o, if the law 
of inverse squares be true. The degree of constancy is shown by the 
Ibllowiug table: — 



nil 



ni« 



in experiment 3S 

Sd experiment, IS 14* 3-568 

Sd experiment, S'£ 5T6'5 3'169 

Supposed CUSP 9 fi(6 8'fiG7 

Tlw difference between the first and second numbers of the I 
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column 19 insignifiouit. That between Um secood and third is tnon 
considerable,* bat in reality oolj oorreapoDda to an eiror of half a 
degree in tlie meassreaiatt of U>e arc 

419. run of ittmitiai — Tbelawfifattnctioosmaj be investigated 
by a similar method. Tbe index b set to aeto, and the central piece 
is turned so as to fiMce the movable ball at a known distance ftora 
tbe fixed b«lL Tbe two balls are then cfaai;ged with electricity of 
different kinds. Tbe roo\-able ball is accordijigty attracted towaida 
tbe otber. and settle in a position in vhidi attnetioa is lialanoed by 
torsion, hy altering the amount of tonioo, different positions of tiie 
ball can be obtained. On oompaiing tbe distaooes with tlie com- 
sponding torsions, it is found that tbe same law boMs as in tbe case 
of repuUion. Tbe experiment, however, is difficult, and ia only pos- 
wble when the badls are very feebly electrified To prevent tbe 
contact of the two baits. Coulomb fixed a .lilk thread in the instnt- 
ment. so iu> to stop die (."ourse of the mo%-ab!e ball. 

430. Law of Attractioi) asd Repulsiaa as depe&din^ on Amonat Of 
Chu^-e. — We may assume as evident, that when an electnfiod b«U 
is placed in contact with a precisely equal and simitar ball, the charge 
will be divided equally between them, so that the fir^ will relaLi 
only half the charge which it had before contact 

Suppose that an observation on reptUsion has jus.t been made with 
the torsion-balance, and that we touch tbe fixed ball witb aaotlwc 
exactly equal insulated ball, which we then remove. It will be 
found that the amount of torsion requisite f-ir keeping tlte movable 
ball in its observed position is just half what it was befora Tbe 

' Wc have BlniKlj Men tbU the rantnitl inducliua of two eaaiartcn tenia to ■M—i-t^ 
their mutual rqmkion. Mid that thii indDciira action beaiB>ea man i^oTtant a> tltt diMaao* 
k di m inwbed. Hoice tbe rapolsaii M •listaaoa » nhoukl be kn tliu > [|ai>rti* s4 tku at 
diHuoe 16. Tbe apparent eiTor thai amfinnadwhia. 

Uanj penoiu hkre widuocd, ■■ teulmg to orvrthrnir OmltaDb** law of it 
eiperimental re<uU> which leallj coBGrtn it. Except whea the diiarBSi 
bndiei are yaj enull in eadipatuoD with Iha iliaUauK, the otacrTeH aOr 
i* Ibe TetulMDt ol aa iniinite naniber of fonm acting along Unea ilnwn 
poinli of tbe one hoij to the <lilTereiit point* of the otbar. The law 
^ipliea dinrtly to thoe aeveral Duopnuenta, ud not to tbe resBlIant whi 
latter can onlj be compoted by elabonte mathamMkal procnws. . 

It i* inoonectljr aaHuned in tbs teM (bat tbe law ought to applffl 
wbon bj their dijluwe va andrntaud Ibe diMaace between their|f 
obvloiu that tbe diMaace of the Dfsreet pmnts ahonld pre * bettoP 
betXKO the ceDtn*. ] 

Tie etrongcat eviiloDoe fnr the rigotDua exactoen M tbe Uw of in 
•mIKIc. 
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aame result will be obtained by touching tbe movable ball with a 
ball of its own size. We conclude that, if the charge of either body 
be altered, the attractive or repulsive force between tlie bodies at 
given distance will be altered in the same ratio. The law is not 
rigorously true for bodies of finite size, unless tbe distribution of the 
electricity on the two bodies remains unchanged. When the two 
bodies are very small in all their dimensions in compaiison with 
tlie distance between tbem, their mutual force is represented by tbe 
expression 



q and q' denoting tbeir charges, and D tbe distance. If this 
expression has the positive sign, tbe force ia repulsive, if negative, 

attractive. 

421. Electricity resides on the Surface. — Electricity {subject to the 
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direct demonstratioQ is afibnled by the foUowing expertmeofc of I 
Biot:— j 

We take an insulattMl sphere of metaJ, charge it with electricity, 
and cover it with two beniispberes fiimisfaed with insulating bandJes, 
whicli fit the sphere exactly (Fig. 342). If tbe two bemispheres be 
qaioldy removed, and pivseated to an electric peaduluui, they will 
be found to be electrified, while the sphere itself will show banlly 
any traces of electricity. We most, however, remark that this 
experiment is rarely snccesaful, ajid that generally the sphere remains 
very sensibly electrified. The reason of this is, that it is very difficolt 
to remove the hemispheres so steadily, as not to permit their edges 
to (ouch the sphere after the first separation. 

The following is a much surer form of the experim^it: — 
A billow insulated sphere, with an orifice in the top, is charged ! 
with electricity (Kg. 
343). A proof-plaru, 
consisting of a small 
disc of gilt paper insu- 
lated by a tliin handle 
of shellac, is then ap- 
plied to tbe interior 
surface of the spbers, 
and, when tested by 
an electric pendulam 
or an electroscope, ib 
found to exhibit no 
trace of electricity, Bnt 
if, on tbe contrary, Hie 
disc be applied to thfl 
L'xternal surface of th»' 
sphere, it will be foi 
to be electrified, 
capable of attrai 
bght bodies, Fai 
vui-ieO fl 
by substituting a cylinder of wire-gauze for the sji 
rested on an insulated tbsc of metal. The <lisc 
electricity, and it was found that no trace of the 
detected by applying the proof-plane to tlio 
cylinder. 
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The foUowiDg experiment is also due to Faraday. A metal ring ^^^| 
is 6xed upon an insulating stand (Fig. 344). To this ring ia attached ^^^| 
a cone-shaped bag of fine linen, which ia a conductor of electricity. 
A silk thread, attaclied to the apex of the cone, and extending both 




Fig. SM.— Fuwliv'i EipgriDMUt. 

ruys, eoablea the operator to turn the bag inside out as often aa 
iquired. without discharging it When the bag is electrified, the 
^plication of the proof-plane always shows that there ia electricity 
1 the outer, but not on the inner surface. When the bag is turned 
laide out. the electricity therefore passes &om one surface of the 
a to the other. 

4S1a. Limitations of the Rule. — TLere are two exceptions to the 
" rule that electricity ia confined to the external surface of a conductor. 

1. It does not hold for electric currents. We shall see hereafter in 
connection with galvanic electricity, that the resistance which a wire 
of given length opposes to the passage of electricity through it, 
depends not upon its circumference but upon its sectional area. A 
hollow wire will not conduct electricity so well as a solid wire of the 
aame external diameter. 

2. Electricity may be induced on the inner surface of a hollow 
conductor by the presence of an electiified body insulated from the 

■ eonductor iteelf If an insulated body charged with electricity be 

I introduced into the interior of a hollow conductor, so as to be com- 

|;detely surrounded by it, but still inaulutod from it, it induces upon 

B inner surface a quantity equal to its own charge, but of opposite 

If the conductor is insulated, an equal quantity, but of the same 

aa the charge of the inclosed body, is repelled to the outside, and 
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thifl is true w)iether the conductor lias nn independent cliiu^ of ite 
own or not. In this case, then, we have electricity residing on both 
th« external and the internal aur&ces of a hollow conductor, but it 
still resides only on the sarfacea 

If a conducting body connected with the earth be introduced into 
the interior of a hollow charged conductor, so as to be partially sur- 
rounded by it. the body Uius introduced will acquire an opposite 
charge by itiducUon, and, by the reciprocal action of this chaige, 
electricity will be indtioed on the inner at the expense of the outer 
sui'fuce of the hollow conductor, just as in the preceding case. 

481 B. Ice-pail Experiment. — The effect of introducing a char^ 
body within a hollow conductor is well illustrated by the following 
experiments of Faraday, Let A (Fig. 3-14 A) represent an insulated 
pewter ice-pnil, ten and a half inches high 
iind seven inches in diameter, connect«d 
by a wire with a delicate gold leaf elecbv- 
acope E. and let C be a round brass bftQ 
insulated by a dry thread of white nifc. 
tiiree or four feet in length, so as to remove 
the influence of the hand holding it frcm 
the ice-pail below. Let A be perfectly 
discharged, and let C, niter being charged 
lit a distance, be introduced into A aa in 
the figure. If C be positive, E also will 
diverge positively; if C be taken away, B 
wilt collapse perfectly, the apparatus being 
in good order. As C enters the vessel A, 
the divergence of E will imTeft.se until C is 
about three inches below the edge of 
vessel, and will remain quite steady 
unchanged for any greater depression. 
na.sui.-ic^i»UEii«riiucut. C be made to touch the bottom of A, 
its charge is communicated to A, and 
upon being withdrawn and examined, is found perfectly 
Now Faraday found that at the moment of oxit^i.t of 
bottom of A, not the slightest change took \A: 
of the gold-leaves. Hence the charge previoush 
tion on the outside of A must have been pn 
acquired by (he contact, that is, must hav 
charge of C. 
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He then employed four ice-pails (Fig. 344 B), an-anged one within 
the other, the smallest innermost, insulated from eacli other by plates 
of tihellac at the bottom, the outermost pail being connected with the 
electi-OBCope. When the charged carrier- 
ball C was introduced within the innermost 
pail, and lowered until it touched the bot^ 
torn, the electrometer gave precisely the 
same indications as when the outermost 
pail was employed alone. When the inner- 
most was lifted out by a silk thread after 
being touched by C, the gold-leaves col- 
lapsed perfectly. Wlien it was introduced 
again, they opened out to the same extent 
as before. When 4 and 3 were connected 
by a wire let down between tlieni by a silk 
thread, the leaves remained unchanged, and 
BO they still remained when 3 and 2 were 
connected, and finally when all four pails 
were connected. 

421c. No Force within a Conductor. — 
When a hollow conductor is electrified, 

however strongly, no effect is produced pi« 3"B-E^™«nt«"iiFou' 
upon pith-balls, gold-leaves, or any other 

electroscopic apparatus in the interior, whether connected with the 
hollow conductor, or insulated from it, provi{led, in the latter case, 
that they have no communication with bodies external to the hollow 
conductor. Faraday constructed a cubical box, measuring 12 feet 
each way, covered externally with copper wire and tin-foil, and insu- 
lated from the eaith. He charged this box very strongly by outside 
communication with a powerful electrical machine; but a gold-leaf 
electrometer within showed no effect. He says, "I went into the 
nbe and lived in it. using lighted candle-s, electrometers, and all other 
« of electrical states. I conld not find the least influence upon 
L-Or indication of anything particular given by them, though all 
ihn outside of the culif \va» powerfully charged, and large 
I dMihii^f off from every part of its outer 
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of inverse squftna. For if the conductor be a sphere removed tnm 
the influence of external bodies, ite charge must be diatrihutcci 
unifonnly over it^ surface. Now it admits of proof, and is weA 
known to mathematicians, that a uniform spherical shell exerts no 
attraction at any point of tlte interior space, if the lan^ of attractioo 
be that of inverse squares, and that the internal attraction doos not 
vanish for any other law. 

4Sls. Electrical Density and Distribution. — When the proof-pjiuie 
is applied to different parts of the surface of a conductor, the qnui- 
lities of electricity which it carries off nrc not usually equal. But 
the electricity carried off by the proof-plane is simply the electrid^' 
which resided on the part of the surface covered by it, for the proof-] 
plane during the time of its contact is vb'tually part of the surfacal 
of the conduutor. We must tiierefore conclude that equal areas on 
different parts of the surface of a conductor have not equal anionntt 
of electricity upon them. It is also found that if the charge of the 
conductor be varied, tlie electricity resident upon any speci&ed 
portion of the sui-face is changed in the same ratio. The ratio of the 
quantities of electricity on two specified portions of the surface is in 
fact independent of the charge, and depends only on the form of the, 
conductor. Tiiis is expre.ssed by saying that dlslriiution ia 
pendent of charge, and that the distribution of electricity on 
surface of a conductor depends on its form. 

By the average electrical density on the whole or any specif 
portion of the surface of a conductor, is meant the quantity of el< 
tricity upon it, divided by its area. By the electTlciil density at i 
specified ■point on the surface of a conductor, is meant the av< 
electrical density on an exceedingly small area surrounding it, q 
other words, the tpiantity of ehctricity per unit area at the poinf 
The name is appropriate, from the analogy of ordinary ma.) 
density, which is mass per unit volume, and is not intended to inii 
any hypothesis as to the nature of electricity, Tlie name was 
duced by Coulomb, who first investigated the subject in questii 
and is generally employed by the best electricians in this count 
The term tkickji^a of electrical stfatum, which was introduced 
Poisson, is much used in France, but is more open to objection 
the coarse assumptions which it seems to involve. 

The following are some of Coulomb's results. The dotted ^ 
each of the figures is intended to represent, by its distaiu" 
outline of the conductor, the electric density at eao) 
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latter. In all cases it ia to be understood tliat tUe conductor is so 
far removed irom external bodies as not to be influenced by them : — 

1. Sphere (Fig. 345). The electric density is the same for all 
points on the surface of a spberical conductor. 

2. Ellipsoid (Fig, 346), The density is greatest at the ends of the 



• 




,, and least at the ends of the shortest axis; and the densities 
at these points are simply proportional to the axes themselves.' 

8. Flat Disc (Fig. 347). The density is almost inappreciable over 
the whole of both faces, except close to the edges, where it increases 
almost per aaltum. 

4. Cyllvder with Hemispherical Ends (Fig. 348). The denaty is 



kSK. 34T.— Dinrlbutian on Diu. 
minimum, and nearly unifonn. at parts remote from the ends, and 
attains a maximum at the ends. The ratio of the density at the ends 
to that at the aides increases as the radius of the cylinder diminishes, 
the length of the cylinder remaining the same. 

5. Spheres in Contact. — In the case of equal spheres, the charge, 
which is nothing at the point of contact, and very feeble up to 30° 
from that point, increases very rapidly from 30° to 60°, less rapidly 
from 60° to 90°, and almost insensibly from 90° to 180°, When the 
spheres are of unequal size, the charge at any point on the smaller 

•e generaUy, tlie ilensUy at sny point oi 
~ a perpcnJioular from thn centi 
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Sphere is greater than at the corresponding point on the larger one; 
and aa the smaller sphere is continually diminiabed, tlie other 
remaining the same, the ratio of tlie densities at the extremities of 
the line of centres tentla to become 2:1. 

422. Method of Experiment. — The preceding results were obtained 
by Coulomb in the following manner. He touched the electrified 
body at u known point with the proof plane, and then put the plane 
in the place of the iixed ball of the torsion-balance, the movable 
ball having previously been charged with electricity of the same 
sign. Repulsion was thus produced, and the amount of torsion 
necessary to keep the balls at a certain distance asunder was observed. 
He then repeated the experiment with electricity taken from a dif- 
ferent point of the body under examination, and the ratio of the 
densities at the two points was given by the ratio of the torsions 
necessary to keep the bails at the same distance. 

By way of checking the accuracy of this mode of experimentation. 
Coulomb electrified an insulated sphere, and measured the electric 
density on its surface by the method described above. He then 
touched the ephere with another precisely equal sphere, and on again 
applying the proof plane he found that the charge carried off by the 
l^lane was just half what it had been before. 

423. Alternate Contact. — The above experiments naturally require 
some time, during which the body under investigation is gradually 
losing its charge. The consequence is, that the densities indicated 
by the balance, if taken singly, do not correctly represent the 
electric distribution. This source of error was avoided by Coulomb 
in the following manner. He touched two points on the body suc- 
cessively, and deteinnined the electric density at each; and then, after 
an interval t^ual to that between the two experiments, he touched 
the first point again, and obtained a second measure of its density, 
which was less than the 6rst, on account of the dissipation of eleo- 
tricity. If the densities thus observed be denoted by A and A', and 

the density observed at the second point by B, it is evident that ^ is 

greater, and g less than the ratio required. Coulomb adopted, as 

the correct value, their arithmetic mean J — g— . 

424. Power of Points. — The distribution of electricity on a con- 
ductor of any form may be roughly described, by saying that the 
density is greatest on those parts of the surface which project most^ 
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or wliiuli have the slmrpest convexity, and that iu depresiiions or 
concavities it is small or altogether insenaible, Tlieory shows that 
at a perfectly sharp edge, such, for example, an in funned by two 
planea meeting at any angle however obtuse, but not rounile/l off. 
tlie density must be infinite, and a fortiori it must bo infinite at a 
perfectly sharp point, for example at the apex of a eone, however 
obttise, if -not rov.nded off. Practically, the points anil edges of 
bodies are always rounded oS*; the microscope shows them merely as 
places of very sharp convexity (that is, of very small radius of curva- 
ture), and lience the electric density at those places is i*ally finite^ 
but it is exceedingly great in comparison with the density at other 
parts, aod this is especially true of very acute points, such as the 
point of a fine needle. The consequence is, that if a pointed con- 
ductor is insulated and charged, the concentration of a large 
amount of repulsive force within an exceedingly small area pro- 
duces very rapid escape of electricity at the points. Conductors 
intended to retain a charge of electricity must have no points or 
edges, and must be very smooth. If of considerable length in 
projiortion to their breadth, they are usually made to terminate in 
large knobs. 

425. DisBipation of Charge. — When an insulatcil conductor is 
charged and left to itself, its charge is gi'adually dissipated, and at 
length completely disappears. This loss takes place partly through 
the supports, and partly through the air. 

As regards the supports, the loss occurs chiefly at their surface, 
esjtecially if (as is usually the case) they are not perfectly dry. It is 
diminished by diminishing their perimeter, and by increasing their 
length; for example, a long fibre of glass or raw silk is an excellent 
insulator. 

As regards the air, we must distinguish between conduction and 
convection. Moist air and highly rarefied air probably act as con- 
ductors; but with air that is relatively dry the loss is probably chiefly 
due to contact and convection. Successive layers of air become 
electrified by contact with the conductor, and are then repelled, 
carrying off the electricity which they have acquired. It is by an 
action of this kind that electricity esca|>e8 into the air from points, 
as is proved by the wind which passes off from them (§ +44J. Parti- 
cles of dust present in the air, in like manner, act as carriers, being 
attracted to the conductor, charged by contact with it, and then 
repelled. They also frequently adhere by one end to the conductor. 
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and thus constitute pointed projections through which electricity is 
discharged into the air. 

Coulomb deduced from his observations on dissipation of charge, a 
law precisely analogous to Newton's law of cooling, namely, that 
when all other circumstances remain the same, the rate of loss is 
simply proportional to the charge, so that the charges at equal 
intervals of time form a decreasing geometric serie& Subsequent 
experience has confirmed this law, as approximately true for moderate 
charges of the same sign. Negative charges are, however, dissipated 
more rapidly than positive. 
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426. Electrical Hachinea. — The first electrical macliine was invented 
by Otto Ouericke, to whom, as we have already seen (§ 1 29), science 
is indebted for tiie invention of tbe air-pump. It consisted of a ball 
of sulphur wliicli was turned upon its axis by one person, while 
another held hia bands upon the bull, thus causing the friction 
necessary for the production of electi-icity. The result was that 
tlie globe was negatively electrified, and the positive eletrtricity 
escaped into the eaitb through the hands of the operator. This 
machine, however, was capable of producing only very feeblo effects, 
and tbe sparks obtained from it were visible only in the dark. An 
English philosopher, Hawksbee, substituted a globe of glass for the 
globe of sulphur; the electricity thus obtained was positive, and 
the sparks obtained by the new machine were of considerable bright- 
ness. The machine, however, was for tbe time superseded by the 
use of glass tubes, which continued to be the favourite instruments 
for generating electricity until the middle of the eighteenth century. 
when a German philosopher, Boze, professor of physics at Wittem- 
berg, revived and perfected Hawksbee's machine, which became 
universally adopted. 

Fig. 319, wliich is taken from the Lemons de Physique of the Abb^ 
Nollet, published in 1767, siiows the arrangement of the ma<;Line 
adopted by this celebrated philosopher. It consists of a large wheel, 
round which is passed an endless cord, which, parsing also round a 
palley, serves to turn a glass globe when tbe wheel is set in motion. 
The electricity thus produced is collected on a conductor suspended 
from the ceiling by silk cords. 

It will be observed that, in tbe figure, tbe friction is produced by 
the hand. This mode of applying friction, which is evidently rude 
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and defective, wim nevertheless long used for want of a better, ibougK 
miitiy attempts were made to replace it by the use of rubbers of 
leather, stuffed with hair, and pressed against tlie globe by means of 
regulating screws. The shape of the globe rendered the use of these 
vety (Uf&cult, and it was nut until a cylinder was substituted for the 
globe that they were geuerally adopted. 

427. Ramsden'B Uaohine. — The kind of machine most commonly 
employed at present is the plate-machine, invented by Ramsden about 
1768, and only slightly changed and improved s 

The most usual form "f this machine is shown in Fig. 350. It 




, circular plate of glass, which turns on an axis supported 
by two wooden uprighla On each side of the plate, at the upjier 
•lid lower parts of the uprights, are two cushions, which act as 
rubbers when the plate is turned. In front of the plate are two 
metallio conductors supported on gloss legs, and terminating in 
braiiohea. which are bent round the plate at the middle of its height. 



SS6 EXGCrfilCAL UACHINSS. 

and are studded with points projecting towiu^iB it. Tlie plate 
becomes charged with positive electricity by friction against the 
cushions, and gives off its electricity through the points to the two 
conductors, or, what amounts to the same thing, the conductors give 
off negative electricity through the points to the positively-electrified 
plate. In order to avoid loss of electricity from that portion of the 
plate which is passing from the cushions to the points, sector-sliaped 
pieces of oiled silk are placed so as to cover it on both sides. The 
cushions become negatively electrified by the friction ; and the 
machine will not continue working unless this negative electricity 
ia allowed to escape. Tlie cushions ai'e accordingly connected with 
the earth by means of metal plates let into their supports. 

438. Limit of Charge. — As the conductors become more highly 
charged, they lose electricity to the air more rapidly, and a time soon 
arrives when they lose electricity as fast as they receive it from the 
plate. After this, if the machine continues to he worked uniformly, 
their charge remains nearly constant. This limiting amount of 
charge depends very much upon the condition of the air; and in 
damp weather the machine often refuses to work unless special means 
are employed to keep it dry. 

The rubbers are covered with a metallic preparation, of which 
several different kinds are employed. Sometimes it is the compound 
called aurum. iniisivuTn (bisulphide of tin), but more frequently an 
amalgam. Kienmeier's amalgam consists of one part of zinc, one of 

tin, and two of mercury. Tite amalgam 
lised with grease to make it adhere 

to the leather or silk which forms the 

face nf the cushion. 

Before using the machine, the glass 

legs which support the conductors 

sliould be wi|)ed with a warm dry 

cloth, The plate must also be cleaned 
Fig. 8S1.— Qmdmiit EioctiMooi* from any dust or portions of amalgiiir 

which may adhere to it, and lastly, 
dried with a hot cloth or paper. When these precautions are taken, 
the machine, if standing near a fire, will always work ; but the 
charging of Leyden jars, and especially of batteries, may be rendered 
impossible by bad weather. 

The variations of charge are indicated by the quadrant electroscope 
(Fig. 321), which is attached to one of the conductors. It c 



amalgam. Kienmeier s amalj 



NAIKNES MAUHINE. 



637 



of an upright conducting stem, supporting a quadrant, or more com- 
monly a, semicircle, of ivory, at wbose centre a ligbt needle of ivory 
is jointed, ciirrying a pith- ball at its end. When there is no charge 
in the conductor, this pendulum hangs vertically, and as the charge 
iucreasea it is repelled further and further from the stem. In damp 
weather it will be observed to return to the vertical position almost 
immediately on ceasing to turn the machine, while in very favour- 
able circumstances it gives a sensible indication of charge after two 
or three minutes. 

429. Haime's Machine.^Ramsden's machine furnishes only positive 
electricity. In order to obtain negative electricity, it it 




I iasulate the cushions from the ground, and to place them in cora- 

Lmacication with an insulated conductor. An arrangement of this 

f kiiid is adopted in Nairne's machine. 

In this machine a large cylinder of glass revolves between two 

I separately insulated conductors. One of these has a row of points 
projecting towards the glass, and collects positive electricity. The 
other is connected with the rubber, and collects negative. If one 
kind of electricity only is required, the conductor which furnishes 
the other must be connected with the ground. 

480. Winter's Machine. — Winter, of Vienna, has introduced some 
modifications in Kamsden's machine. 
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Instead of four cushions, there are, as will be seen by the figure 
(Fig. 353), only two, wliitJi are in communication with a apherical 
conductor, supported on a glass pillar. Tliis may be used to collect 
negative electricity, in the same way as the negative conductor in 
Nairne's machine. Tiie chief or positive conductor consists of an 
insulated sphere, on the top of which is often another sphere of 
smaller size. The positive electricity ia collected from the plate by 




means of two rings opposite to each other, one on each side of the 
plate. On the side next the plate, they have a groove, which is lined 
with raetah and studded wJtli points. They are supported by an arm 
which ia inserted in the positive conductor. The size of the positive 
conductor is often increased by the addition of a very large ring (3 
or 4 feet in diameter) which is supported on the top of the large 
sphere. T!ie ring consists of very stout brass wiie inclosed in well- 
poliahed mahogany. 

Winter's machine appears to give longer sparks than the ordinary 
machine under the same circumstances. This circumstance is owing, 
partly at least, to the considerable distance between the rubber and 
the positive conductor, which prevents the occurrence of discharges 
between tbeni. 
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i 481. Hydro-electric Machine. — About t!ie year 1840, Mr. (now Sir) 

"T. Airastrong invented an electric machine, in whicii electricity waa 

nerated by the friction of steam against the sides of orifices, through 

■wliich it is allowed to escape under high pi-essure. It consists of a 
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r with the fire inside, sujiported on four glass legs. The steam, 

e escaping, passes through a number of tubes which traverse a 

|;-box containing water, into which dip meshes of cotton, which 

I led over the tubes, and passed round them. The cooling thus 

tdaced in the tubes, causes partial condensation of the steam. This 

■ beea found to be an indispensable condition, the &ict,iou of per- 



540 



ELKCTRItAL MACHINES. 



feetly dry steam being quite inoiwrative. Speaking strictly, it is the 
friction of the drops of water against the sidea of the orifice, whicli 
generates the electricity, and the steam merely furnishes the means 
of applying the friction. The jet of steam is positively, and the 
Iwiler negatively electrified The [jositive electricity is collected by 
directing the jet of ateam upon a metal uomb communicating with 
an insulated conduitur. 

The form of ihe outlet by which the steam escapes is shown in 
Fig. S55. The steam is checked in its course by a tongue of metal, 
round which it has to pass, before it can enter the wooden tube 
through which it escapes into the air. This machine, in order to 
work well, requires a pressure of several atmospheres. The water in 
the boiler should be distilled water. If a saline solution be intro- 
duced into the tube througli which the steam 
escapes, all traces of electricity immediately 
disappear. The generation of electricity 
varies both in sign and degi'ee, accoi-ding to 
the substance ot which the escajie-tube is 
Fit 3M-— outiM of stoim composed, and according to the liquid whose 
particles are carried out by the steam. Thus, 
when a small quantity of oil of turpentine is introduced into the jet 
of steam, the boiler becomes positively, and the steam negatively 
electrified. 

The bydro-electriu machine is exceedingly powerful. At the 
Polytechnic Institution in London, there was one with a boilei- 
7S inches long and 42 in diameter, and with 4(! jets. Sparks were 
obtained from the conductor at the distance of 22 inches. The 
machine is, however, very inconvenient to nuinage, A long time is 
required to get up the requisite pressure of steam. The boiler must 
be carefully washed with a solution of potash, after each occasion of 
its use; and, finally, the working of the machine is necessarily accom- 
panied by the disengagement of an enormous quantity of steam, 
which, besides causing a deafening noise, has the mischievous effect 
of covering with inoistui'e everything within reach. Accordingly, 
though vei'v interesting in itself, it is by no means adapted to the 
general purposes of an electrical machine. 

432. Eoltz's Uacbine. — In the machines just described, electricity 
is produced by the Miction of one substance against another. Quite 
recently, several machines have been invented of quite a difierent 
kind, in wliicli a body is electrified once for all and made to act by 



HOLTZS MACHINE. 



541 



IiJuetion upoD a movftble system, in such a way as to produce a 
ntinual generation of electricity. The most successful of tbese is 
that invented by Holtz of Berlin in 18G5. 

It contains two thin circular plates of glass, one of wliich, A, is 

__fiKed. while the other, B, which is rather smaller, can be made to 

pToIve very near it In the fixed plate there are two large holes 

r windows near the extremities of its horizontal diameter. Across 




!, and partly covering them, are glued two paper bands or arina- 

I, having points/,/' directed the opposite way to that in which 

( movement takes place. Two metallic combs P, P* are placed 

tpposite the windows, on the other side of the revolving plate, and 

I connected with two insulated conductors terminating in the 

nobs n, m, which may be called the poles or electrodes of the 

kchine. These knobs can be set at any distance asunder. In 

■starting the machine, they are placed in contact, and one of the 

latures, suppose /. is electrified by holding against it a sheet of 

eanite which has been charged with negative electricity by fric- 
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tion. Tlie plate is then turned for a few seconds, and the two kaobs 
are gradually separated. 

A continuous crackling noise is immediately protluced at the place 
of separation, resulting from electric discharge across the interval. 
In the circumstances supposed, the knob n is the negative, and the 
knob m the positive electi-ode. In dry weather, the machine, when 
once started, will continue in action for a long time if the motion is 
kept up, but it soon ceases to act if the air is damp, being even more 
sensitive to moisture than the ordinary machine. 

The action of the machine is as follows :^The negative electricity 
of the armature/, acting inductively on the opposed conductor, from 
which it is separated by the revolving plate, causes this conductor 
to discharge positive electricity, through the comb, upon the face of 
the plate, and thus to acquire a negative charge ; when the part of 
the plate which has been thus affect«d comes iipposite the other 
armature, the latter is affected inductively, and discharges negative 
electricity through its point /' upon the back of the plate, thus 
becoming itself positively electrified Positive electricity from the 
front of the plate ia at the same time collected by the comb F, an 
equal quantity of negative being of course discharged from the comb 
upon the plate. In the subsequent stages of the process, the negative 
electricity thus discharged upon the face of the plate exceeds the 
positive which was previously there, so that the face of the plate 
passes on with a negative charge. When the portion of the plate 
which we are considering again comes opposite /, it increases the 
negative electrification botli of the armature and the conductor, 
(oaamuch as it has more of negative or less of positive electricity 
upwi both its surfaces than it had when it last moved away from 
tb»t pttsitton. Both annatures thus become more and more strongly 
tketrified, until a limit is attained which depends on the goodness of 
tte lAsulation ; and as the electrification of the armatures increases, 
IIm ooadacton also become more powerfully affected, and are able to 
B to each other by the knobs mn at a continually increasing 

TW iBVCaiior has recently introduced a modified form of his 

Tlw plates are placed horizontally (Fig. 357), they have 

kcwn nor armatures, and they both revolve, but in oppo- 

Two conductors furnished with rows of points are 

r lk« upper plate at the extremities of one diameter, and 

tbe lower plate at the extremiti^ of another 
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iameter perpendicular to the former. ¥a.ch of the upper conductors 

ll connected with one of the lower, so that there are virtually only 

D coiidactors. In starting the machine, a sector of electrified vul- 

jiite is held over the upper plate, opposite one of tlie lower combs. 




lien the machine has been turned fur a lew seconds, the sector may 
t removed, and a continual discharge of sparks takes place between 
D knobs which are connected with the two conducting systema 
^uently, as hi the figure, a comb is placed above, opposite to the 
r comb, and this arrangement appears to increase the efficiency 
B machine. 

e action in tbia form of the machine also depends upon induc- 

I, the conductors performing the duty of armatures as well. We 

jhall not enter into details, but merely remark that, in both forma of 

the machine, work is spent in turning the plates in opposition to elec- 

rical attractions and repulsions; and that the mechanical energy thus 

i ifltmsumed produces an equivalent in the form of electrical energy. 

13. Electrophorus. — When electricity is required in comparatively 
1 quantities, it is readily supplied by the simple apparatus called 
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the el^'irophorus. This consists (Fig. 358) of a disc of resin, or some 
other material easily excited by friction, and of a poUshed metal disc 

B with an insulating handle CD. The 
resin disc is electrified by striking or 
nibbing it with catskin or flannel, and 
the metal plate is then laid upon it In 
these circumstances, the upper plate does 
not receive a direct charge from the 
lower, but, if touched with the finger 
to connect it with the earthy receives 
an opposite charge by induction. On 
lifting it away by its insulating handle, 

re m iTiMiiinifcMM *^ '^ found to be charged, and will give 

a spark. * It may then be replaced on 
the lower plate (touching it at the ^me time with the finger] , and 
the proce^ repeated an indefinite number of times, without any firesh 
exettaktioiL if the weather is &voaiahl& 

The resznoos plate has Qsoally a bet<e or mJf of metaL which is in 
coiLQ!ect»>£i with the earth while the eiectrophoros is being worked. 
Thk si?ieL by the Dxatoal indoeti^^ which takes place between it and 
the upfier pLate or Oj'^xr, iiv.Teases the capacity ^.4'' the Latter see Ch^ 
xL . aofi thi» inroeases the chai^ acquired. When the cover 
nsceives i& pc^tive ehar^ on bein^ connecied with the earth, the 
:30^e ai« she sajne *iaie receives frwi the earth a ne^tive charge, 
aibi sd^ the ■roT»*r » gra^tiary lifted thi$ aesc^tive v*rar^ ^^adually 
recixRxts to toe auruL 

The ouec ct -ciT-ni^Mis !?irai :i see eie^"cr?cconfi^ i? tLiS of Ptc^fesBor 
Phillip ta wtLicfi t:iie o:ver. whea ptsK'eii upoa the re$uioa& pSale; 
ccmes iziw meisiillie ^A^cjueeCD^a wim the ziecal pisite beiow. That 
mr2^ amjx:r?me!ic itf ii^^wahie ^ e^I*ifii:. waea we re<fiect tha;^ 
w*ieiL lae npcer zuue fi^ tscocael wriii ^ce ds^r. :t ^ izL £Kt 
^^:lulec«•i wica aiie jjw^r ruise. ftzi.'e ccca ir^ jvcjievted wiA the 
M£^ . ^ioii ic 'i!S^ts» a xr^sac Ta.'^ini^ 3£ ^iiu^ waea siaolv <;:ark are 
ceufixred in :iiiiii JUceeagiL:a« ix ^ae xTMr 3ij*y ce r:iised aa*i lowered 

aisfcoe «rnt ihe Siilt woiea ▼»f Trbki "Jj -'tiar"^. 

iM. SaanRft's EaBCssaL Xasoiiu. — A nacciizie « -o: .oe^ beeo 

and i» r«ppeseaG*i in F^ 3«fS). .1 rir^'uiiu: piase :£f -ccn. rs? 1/ ^ua » 
aukhi u T^^jbr^ racncbr A ie.:cjr it lae siiue 3ia:?^r!k!, vr-vtougiT 
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excited by friction, is fixed opposite the lower portion of the plate; 
and on the other side, immediately opposite to this, is a metallio 
comb N forming the extremity of a 
conductor connected with the earth. 
At the upper part is another comb 
M connected with the conductor A. 
Under the influence of the electrified 
sector, the conductor C discharges posi- 
tive electricity on the plate through 
the comb N. In passing the comb M, 
a portion of this electricity is col- 
lected by the points, and charges 
the conductor A. The effect is in- 

r connecting A with another conductor J 




Fig, 3».— ElecUlflgd Ssotor. 




Fig. 300.— BsrtHh'i ElfoUi 



sing, or even sustaining, the charge of the armature. . In this 
jct it resembles the ordinary electrophorus. 



CHAPTER XXXIX. 



TARtOUB EXPERIMENTS WITH THE ELECTRICAL MACHINB. 



435. Electric Spark, — The spark furnished by Rn electrical machine 
III' small dimensions is short, and usually straight. Powerfu! machinea 
annietimea give sparks of the length of a foot. Such sparks have 
iisiially a zig-zag fumi. like flashes of lightning. One of the readiest 

means of olitaining long sparks 
consists in placing, opposite to 
one of the small knobs of the 
conductor of the machine, a 
large conductor, having good 
earth connection, and present- 
ing a polished and slightly con- 
vox surface towards the knoh. 
A more powerful eftect will be 
obtained by connecting this 
conductor with the rubber or 
the negative conductor of the 
machine, instead of with the 
earth. Verj" frequently, vbea 
I length, finer ramifications proeeed 
from its uitiin track, as stiown in Fig. 36£, 

436. Brash. — When a powerful eoadune is working in a verv aW 
atiaospher«. the nibbers being io good <»der, and the machine bein^ 
tunied ta(tidly, a oharac(«nstk- soood U heard, which is an indicatioi 
of oootinuous discharge into the air. In the dark, luminous appear-l 
anew called bnnJtea are seen on the projecting ports of the con- * 
dooton. "Htey may be r«nder«d very conspicuous by presentit^ a 1 
hige ooBdnctii^ mttuM ai a dtstaooe a little too great fior a apuk. ' 
to pass, h will tbea be ohaarved that Oe bnafa ootuiatB (1% 96S> 




— EKtmSpuk. 



ibo Spark is a ftx^t or more i 
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of a short foot-etalk.witli 
B multitude of raya di- 
verging from it like a fan, 
and with other smaller 
ramiticatious proceeding 
from these. Positive elec- 
tricity gives larger and 
finer brushes than nega- 
tive. We may add, that, 
when the machine is 
working well, brilliant 
sparks continually leap 
aoross the plate, consist- 
ing of discharges between 
the cushions and the near- 
est part of the conductor. 
The conductor itself is 
also surrounded with lu- 
minosity. In the dark, 
the brilliant spectacle [jre- 
eented by these combined 
appearances, with the con- 
tinual crackling which ac- 
companies theui, is very 
impresBive, and furnished 
an inexhaustible subject 
of curiosity to the elec- 
tricians of last century. 

It 18 probable that the 
passage of a spark is 
always preceded byavery 
high degree of polar ten- 
sion in all the particles ot 
tut in and about its track, 
Mid that the spark occurs 
when this tension any- 
where exceeds what the 
particles are able to bear. 
The frequent crookedness 
F tiie sp&rk is probably 
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due to the presenc© of conducting particles of dust, which serve as 
stepping-stones, and render a crooked course tlie easiest 

437. Duration of the Spark. — We can form no judgment of the 
duration of the electric spark from what we see with the unaided 




eye i for imprcBaiona made upon the retina remain uneffaced for some- 
thing like ^ of a second, and the duration of the spark is incompar- 
ftUly less thau thta. Wheatatone. in a classical experiment, succeeded 
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rin measuring its duration by means of a revolving mirror; an exped 

I ient which has since been employed with great advantiige in many 

I other researcliee, especially in determining the velodty of light 

Let mn (Pig. 3f>4j be a mirror revolving with great velocity 

labout an axis pas-sing through c, 

I and supjxise that, during the 

r rotation, an electric spark is pro- 

I diiced at a. An eye stationed at 
o will see an image in the sym- 
metrical position a. If the spaik 
is strictly instantaneous, its image 

I will be seen us a luminous point 

I at a', notwithstanding the rota- 
tion of the mirror; hut if it hus 
a finite duration, the image will 
move from a' to a", while the 
mirror moves from ee' to tt', the 

L latter being its position when the 

I spark ceases. What is actually 
I in the mirror will therefore 

Knot be a point, but a luminous tig. au— Dunu«iD(apuk. 

ick a a". 
The length of this image will he double of the arc et ; for the 

I angle ect at the centre is equal to the angle a'aa" at the circum- 

i'^fereuce, the sides of the one being perpendicular to those of the other. 

Kin Wheatstone's experiment, the mirror made 800 turns in a second, 

rand the image a a" was an arc of 2+°; the miiTor therefore turned 

■ough 12°, or 30 of a revolution, while the spark lasted. The dura- 

■"tion of the spark was therefore gj of g^Q, that is, ^^^^j^ of a second. 
By examining the brush in the same way, Wheatstone found it to 

'" consist of a succession of sparks. 

438. Spark in Rarefied Qases. — The appearance of the spark is 
greatly raodilied by rarefying tlie air in which it is taken. To show 
this, art apparatus is employed which is called the electric egrf. It is 
an oval glass vessel, which can be e^^hausted by means of a stop-cock 
at it6 lower end. Its upper end is closed by a cap, in which slides a 

I brass rod terminated by a knob, which can be adjusted to any dis- 
tance from another knob connected with a cap at the lower end. 
I When the egg contains air at atmospheric pressure, a spark passes 
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in the ordinary way between the two knobs ; but. aa the [tressoie is 
diminished, the aspect of the spark changes. At a preasore of six 
centimetres of mercury { jj of an atmogphere), & sort of ramitied aheaf 
proceeds from the positive knob, some of the raj's terminating at a 





small distance from their origin, while others extend to the negative 
knob. The latter is surrounded with a violet glow; the raj-s are 
also violet, but with a reddish tinga The light at the positive knob 
la of a reddish purple. 

As the pressure is gradually reduced to a few millimetres, the rays 
become less distinct, and finally coalesce into an oval cloud of pale 
violet light, extending from one knob to the other, with a reddish 
tint at the positive and a deep violet at the negative end. 

In performing this experiment with the ordinary electrical machine, 
the upper knob is connected with the conductor, and the lower one 
with the ground. Holtz's machine can be very advantageously 
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employed in experiments of this kiml, its two polen Ijeing connected 
with the two knoba. 

When, instead of the electric egg, we employ a long tube, such as 
is employed for showing the fall of bodiea in oacuo, the whole length 
of the tube is filled with violet light, which eshibits continual flicker- 
ing, and suggesta the idea of undulations travelling in the same 
direction as the positive electricity. In all these experiments, as we 
diminish the density of the air, we diminish the resistance to di.i- 
charge, and at the same time diminisli the intrinsic brightness of the 
spark. 

In the Torricellian vacuum, electric discharge is accompanied by a 
perceptible though very feeble luminosity, as may be shown by an 
arrangement due to Cavendish, and represented in Fig. -IfJT. Two 
barometric tubes, united at the top. 

I are plunged in two cups of mercury 

j The mercury in one cup is connected 
with the conductor of the machine, 
while that in the other is connected 

' with the earth. In these circum- 

I stances, the vacuum-space is filled 

I with luminosity, which is brighter 
I the temperature is higher, pro- 
bably on account of the greater den- 
sity of the mercurial vapour which 
lerves aa the medium of discharge. 
The experiments of Gaasiot and 

\ others have shown that electricity- 
traverses a apace occupied by a gas 
with continually increasing facility 
aa the density of the gas is dimi- 
nished, until a certain limit is 
attained ; but that when special 

means are employed to render the ng, »u;,-DiKi..rK- 1» Torri«Lii»ii vmuu." 
vacuum as nearly perfect as possible, 

this limit can be exceeded, and the resistnnce may increase so mucii 
as to prevent discharge. 

kThis latter point is illustrated by the appanitus represented in Fig. 
368, which i.>i constructed by Alvergniat. T is a tulie which has been 
exhausted as completely as possible by a GeLssler's pump. It has 
then been heated, and maintained for some time near the tempera- 
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tare of fusion of glass, in order bo produce absorption of tbe remain- 
ing air. Two platinum wirea have been previously sealed in the ends 
of the tube, and approach within jq of a millimetre of each other. 
Tbe two poles of a Holtz's machine are connected with the binding- 
screws B and B', ^vhich 
are in communicatiou 
with these two wires, 
and also with two rods 
whose extremities pp' 
are at a moderate strik- 
ing distance from each 
other in air. As long 
as the machine works, 
sparks pass between 
these latter, while, in 
spite of the very much 
closer proximity of the 
platinum wires, no lu- 
mioositj is perceptible 
■etween tbeuL Instead 
t being placed a small 
iistance apart in air, p 
and p may be fitted 
into the ends of a tube 
HH«»->;™™i.i«<i .1. of considerable length 

oontMning rareiied air. 
It will be found that discharge chu take pUce at greater distance 
M the air is wore rarefied, till we attain a limit £u beyond tbe reacb 
iuary air-pum)w. 
Colour of tho Spark. — The coloiu* of the spark or other iumin- 
diM<harj;o di'jvnds partly on the material of the conductors 
betireeu which it )ia.-Mtv<, and )iarUy on t)ie gnseous medium which 
it travenKVL The former iullu<'ni.'« {wiiomiiiates when the spark is 
strong, tile latt^-r wUcu it is weak. The etteci *>f ibe metal seems to 
dnpoud upiiu thti VH)ioriaation of a [HM-tiim of it. tor, on esAminiog tbe 
spark by Uie njiwtrMtwvpp. bright lin«s arv sw-n which aie known to 
indicMte Ui* |n\<wnw of luotAlUo vM|iour. For stud\-tng the efieot of 
th» giuwH'tw imiiimn, (he difvliaivv is uk»D betv'veu two platinum 
wiivM i<f»ltn\ into tht< i>u«U of s\»ii» lubes, coataiuing tbe ^ses in a 
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rarefied condition. The wires are connected either with the poles of 
a Holtz'a machine, or of a RuhmkorErs coil, which we shall deecribe 
in Chap. lii. It is found that the colour in air or oxygen is white 
with a tinge of blue, in nitrogen blue, in hydrogen red, and in 
carbonic acid green. 

440. Multiplication of the Electric Spark. — The old electricians 
contrived several pieces of apparatus for multiplying the electric 
spark. The principle of all ia the same. Small squares of tin-foil 
are arranged in series at a small distance 
&Oin each other on an insulating suri'ace. 
n»e firet of the series is connected with a 
metallic knob wliich can be brought near the 
electrical machine; aikd the last of tbem is 
consected with another knob which is in 
oommunication with the earth. By allowing 
a discharge to pass through the series, sparks 
can be simultaneously obtained at all the 
intervals between the successive squares. 

In the spanffled tube (Fig. 370j the squares 
of tin-foil are arranged spirally along a cylin- 
drical glass tube wliich baa a brass cap at 
each end. One cap ia put in communication 
ifith the machine, and the other with the 

rth. 

Sometimes a glass glol>e is substituted for 
the cylinder. We have thus the spangled 
3ioie (Fig. 371). 

In the sparkling pane a long strip of 
tin-foil is disposed in one continuous crooked 
l]jD6 (consisting of parallel strips connected 
^ At alternate ends) from a knob at the top to 
another knob at the bottom of the pane. A Fig. jw-t.i 
pattern is then traced by scratching away u»« si«ugi«i luiw 

the tin-foil in numerous places with a point, 

and when the spark pa.s.tea, it is seen at all these places, so as to 
render the pattern luminous (Fig. 372). 

441. Physiological Effects of the Spark: Electric Shock. — When a 
.. strong spark is drawn by presenting the hand to the conductor of 

fcTery large and powerful machine, a peculiar sensation ia experi- 
With ordinary machines the same effect can be obtained by 
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eniplo^'ing a Leyden jar. The sensation is difficult to describe, and 
only capable of being produced by electrical agency. It is a jtainM 
&liock, felt eHpecially in the arm, and causing an involuntary bending 
of the elbow. 

At the distance of a few feet from a machine in powerful action, 
a tickling sensation is felt on the exposed pai-ts of the body, due to 
the movement of the hairs in obedience to electrical force. These 
phenomena are exhibited in a still more marked manner when a 





person stands on a stool with glass legs, and keeps bis hand upon 
the conductor. He thus becomes highly charged with electridty. 
His hair stands on end, and is luminous if seen in the dark. If a 
conductor connected with the earth is presented to bim, a spark 
passes, and his hair falls again. 

Electricity has frequently been resorted to for mediciil purposes. 
The electrical machine was first employed, and afterwards the Leyden 
jar, but both have now been abandoned in favour of magneto-electric 
machines and induction coils, which we shall describe in a later 
chapter (Chap, lii) 
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442. Heehanical and Phyeic&l Propertiefl or the Spark. — The electric 
spark produces a violent comiiiotion in the metiium in which it 
occurs. This is easily shown by nieauH of Kinnersley's thermometer 
(Fig. 373). which consistB of two glass tubes of unequal diameters, 
the amaller being open at the top, while the larger is completely 
closed, with the exception of a side pa-saage, by which it communi- 
cates with the araailer. The caps which close the ends of the large 
tube are traversed by rods terminating in knobs, and the upper one 
can be raised and lowered to vary the distance between the knoba 
Both tubes are filled, to a height a little below the lower knob, with 
a very mobile liquid such as alcohol. When the spark passes between 
B^e knobs, the liquid is projected with great violence, and may rise 





a height of several yards if the spark is very strong. The same 
property of the spark is exhibited in the experiment of the electric 
tnoiiar, which is sufficiently explained by the figure {Fig. 37+)- 
I, The apark may be obtained in the interior of a non-conducting 
[aid, which it agitates in a similar manner. If the liquid is con- 
led in a closed vessel, this is often broken. The spark can also 
traverse thin non-conducting plates, producing in this case perfora- 
tion of the plates; but the experiment usually requires very powerful 
discharges, such a^ can only be obtained by means of apparatus 
described in the next chapter. 

The luminosity of the electric spark is probably due to the very 
hi^ temperature which is produced in the particles traversed by the 
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discharge. Coal^as is easily inSamed, by a peraoti standing on a 
stool with glass legs holding one hand on the conductor of the 
machine, and giving sparks from a finger of the other hand to the 
burner from which the gas is issuing. Kinnersley regarded elevation 
of temperature as the cause of the movement of ttie liquid in hi« 
apparatus ; hence the name which it bears. 

Heating may also occui- in the case of conductors. Tliis is shown 
by the influence of the metal upon the colour of the spark, and it may 
be more directly proved by arranging a conductor in communication 




with the earth, and connected by an exceedingly Hue metallic wire 
with another conductor. When the latter is presented to a very 
powed'nl electrical inachiiitt, so that a sti-ong spark passes, the fine 
wire is sometimes heatud to redness. 

44S. Clieinioal Properties of the Spark. — The electric spark is able 
to produce very tiujiotliLnt clii'tnioal cR'ects. When it occurs in an 
«iflos)ve mixture of twi> ]iarl~s of hydrogen with one of oxygen, it 
mrrr thrin giuit's iiintriiitly In I'i'inbtne. This experiment is usually 
*wir«bymean»of VoIu'h piKt"! <.Vig. 375). which is a metallic vessel, 
t th« tulxliira, mid cloHi'd by a cork. Through one aide 
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s an insulated metallic rod with a knob at each end, that at the 
inner end being at a short distance from the oppoaite side of the 
vessel, so that, if a spark is given to the exterior knob, a spark also 
passes in the interior, and intlames the mixture. Tliis effect is accom- 
panied by a violent detonation, and the cork is projected to a dis- 
tance. 
The electric spark often pi'oduces a reverse efl'ect — that ia to say, 
e decomposition of a compound body ; but the action in this case 
' ia gradual, and a great number of sparks must be passed before the 
' fiill effect is obtained. Thus, if a succession of sparks be passed in 




e interior of a niFiss of ammonia, contained in a vessel inverted over 

^mercury, the volume of the gas is observed to undergo a gradual 

I increase, until at length, if kept at constant pressure, the volume is 

k exactly doubled. It then consists of a mechanical mixture of nitrogen 

ind hydrogen, the constituents of ammonia. 

Composition and decomposition are often both produced at once, 
^us, if a spark is passed in a mixture of carburetted hydrogen and 
I certain proportion of oxygen, the former gas is decomposed, its 
drogen combining with a portion of the oxygen to form water, 
ad its carbon combining with another portion to form carbonic acid 
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Vessels intended for taking the electric spark in gases are extensively 
used in chemistry, and are called eudioTuetera. 

444. Wind from Points. — If a metallic rod terminating in a point 
be attached to the conductor of tlie electrical machine, electricity 
escafjes in large quantity from the jwint, which, accordingly, when 
viewed in the dark, is seen to be crowned witli a tuft of light. A 
layer of air in front of the point is electrified by contact, and then 
repelled, to make way for other portions of air, which are in their 
turn repelled. A continuous current of air is thus kept up, which is 
quite perceptible to the hand, and produces a very visible effect on 
the flame of a taper (Fig. 376), 

The electric whirl (Fig..377j consists of a set of metallic arms, 
radiating horizontally from a common centre 
about which they can turn freely, and bent, 
all in the same direction, at the ends, whieli 
are pointed. When the central support is 
mounted on the conductor of the machine, 
the arms revolve in a direction opposite to 
that in which tlieir ends point This effect 
is due to the mutual repulsion between the 
pointed ends and the electrified air which 
flows off from them. 

It is instructive to remark that if, by a 

pig. an -EiKiric wtiiri special arrangement, the rotating part be 

inclosed in a well -insulating glass case, the 

rotation soon ceases, because, in these circumstances, the inclosed air 

(inickl)' attains a stivte of permanent electrification. 

^ ^^ 445. Electric Watering-pot. — Let a vessel 

^^^^^^ containing a liquid, and furnished with very 

^^L fine discharge tubea, be suspended from the 

fl^B conductor of the machine. When the vessel 

I^H is not electrified, the liquid comes out drop 

^j^H^ by drop; but when the machine is turned, 

f ^^^ \ it issues in continuous fine streams. It has, 

\ however, been observed that the quantity 

irig.ng.-Ei«tri«BB=krt. discharged in a given time is sensibly the 

same in both cases. This must be owing 

to the equality of action and reaction be' ween difierent parts of the 

issning stream. 
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44Sa. Introdnctory Remarks on Potential. — Electrical reasouings 

are, in taany cases, greatly facilitated by employiDg the conception 

' moted by the name electrical potential. 

Potential essentially depends upon forces (whether attractive or 

^uWve) mutually exerted upon each other by particles at a dls- 

, and has been advantageously employed in the theories of 

ravitatiou and magnetism, as well as of electricity. We shall at 

I |ffeeent pontine our attention U> •electrical potential. 

All the space in the neighbourhood of electrified bodies is in a 
certaiu sense pervaded by their intluenca This influence is com- 
plotely specified by stating the numericai values, with proper sign, 
of electrical potential, at the ditferent points of the space. 

£lectrical potential never changes its value per aalium, in passing 
f £rom one point to the next^ Moreover, if it is constant in value 
^roughout any finite portion of a s]>ace not containing electricity, 
) IB oonstant throughout the whole of thU space. 
445b. Relation of Potential to Force. — When electrical potential ie 
iant throughout a given space, there is no electrical force' in that 
; and, conversely, if there be an absence of electrical force in a 
' given space, tiie potential throughout that space must be uniform. 
These propositions apply to the space within a hollow conductor. 
They also apply to the whole substance of a solid conductor, and to 
the whole space inclosed within the outer surface of a hollow con- 

' DefjhITIOH — There is electrical force at a point in the air, if in olcetrified p»rtiole 
pUcHi thure would eiperionoe foroo tending to move it in virtue of elcctriiail attmction or 
Tliere ia etectricol force ■! * point in acondur^ir. when electriraty flow* through 
A conduL-tur is uid to be in elrctncal eijuilibKum, when there ia no etectrical 
!• U hoy pftTt of it; in uther wordi, wheu it ia wmpletely free from auircntii of electtj- 
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doctor. Whenever a conductor b in electrical eqiiilibrium, it bas the 
same potential throughout the whole of its substance, and also through 
any completely inclosed hollows which it may contain. 

When a conductor is not iu electrical equilibrium, currents set in. 
tending to restore equilibrium ; and the direction of such currents is 
always from places of higher to places of lower potential In like 
manner, when a small positively electrified body experiences elec- 
trical force tending to move it, the direction of this force is &om 
higher to lower potential 

When flow of electricity is compared with flow of heat, potential 
is the analogue of temiierature. Heat flows from places of higher to 
places of lower temperature. 

The precise direction of the force exerted upon a positively electri- 
fied particle (or upon an element of positive electricity), when brought 
to a place where potential has not a constant value fi-om point to 
point, is the direction in which potential diminishes most rapidly. 
A negatively electrified particle (or an element of negative electricity) 
will be urged in the opposite direction, which is the direction in 
which potential increases most rapidly. We here use the words 
increase and decrease in the algebraical sense, 

445c. Line of Force. — The direction thus defined (especially by re- 
ference to the force on the positive particle) is called the direction 0/ 
resultant electrical force at the point where the particle is placed. 
If a line be traced such that every small portion of it (small enough 
to be regarded an straiglit) jg the direction of residtant electrical force 
at the points which he upon it, it is called a line of force; in other 
words, a line of force is a lint whose tangent at any ■poi^it is the 
direction of rentlt<int el^ictrical force at that point. We may expreaa 
this briefly by saying that lines of electrical force are the lines aloTig 
which resultant eUctrical force acta. 

It is evident that linos of force cannot cut one another, since we 
cannot have two ditt'erent ilirections of resultant force at a poinb 

446 s. Intensity of Forott is Equal to Rate of Variation of Potential. — 
The intensity of icnultimt force at a point is equal to the rate at 
which potential diminishoa in the direction in which the diminution 
is most rapid, namely, along a lino of foi-ce at the point Let V denote 
the potential at tlio point, and V — JV the potential at a neighbouring 
point on th« mme line of force, at a distance is from the first point; 
then V- i« the intotitily of fonw at either point, or, more strictly, is 
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lie average intensity along the short line is, and the direction of the 
! (for a positive particle) in trom the first point towards the 
id 
A similar proposition applies to two neighbouring points not 
■ ntuated on the same line of force ; tiie component force, in the direc- 
Ition of a line joining them, is equal to j^, where Sx denotes the 
I length oS the joining line, and 3V the difference of the potentials of 
the two points. This proposition is usually expressed by saying that 
the rate of variation of potential in any direction is equal to the 
compoTient force in that direction. 

44Se. Eelatioa between Potential and Work. — The work done by 
or against electrical force in carrying a unit of electricity through 
this distance Sx is the product of force by distance, and is therefore 
simply SV, Mora generally, the work dooe by or against electrical 
force in carrying a unit of electricity from one point to another, is 
equal to the difference of potentials of the two points; and the work 

»done in carrying any quantity of electricity is thq product of thia 
quantity by the difference of potentials. 
An analogy is thus suggested between different potentials and 
difierent levds. Positive electricity tends to run down from higher 
to lower potential, and, when it does so run down, there is a loss of 
potential energy equal to the product of the (juantiiy which runs 

»down, and the difference of potential through which it runs down. 
When the quantity which runs down is unity, the loss of potential 
cuet^y is equal to the loss of potential. It is usual to assume, aa 
the zero of potential, the potential of the earth at the place of 
observation ; but this assumption is not rigorously consistent with 
itself, since the existence of earth-currents demonstrates that dif- 
ferent potentials may exist at different parts of the earth. Elec- 
trical potential is rigorously zero at places infinitely distant from 
all electricity. 

445f. Equipotential Surfaces. — An equipotential surface is a surface 
over the whole of which there is the same value of potentiaL It is 

I obvious, from the latter part of § 445 D, that there is no tangential 
loroe at any point of such a surtace. The direction of resultant force 
js everywhere normal to the aiuface, or equipotential surfaces every- 
■vihere cut lines offeree at right angles. An equipotential surface is 
tiie analogue of a level surface. If two equipotential surfaces are 
^ven, their potentials being V; and V^ the work done in carrying 
L _- 
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a unit of dectndty &om anj point of the one to an; point o£ tlte 
otber, is oonstwit, and equal to the difference of Y, and T^ 

If we consider two equipotential surfaces very near to one another, 
so that the portions which they intercept on the lines of force may 
be regarded as straight, the intensity of force at different points of 
the intenoediate space will vary inversely as the distance between 
the two eqaipotenttal sur&ces; for. when equal amounts of work are 
done in travelling onequal distances, the forces must be inversely aa 
the distances. 

44iia. Tubes of force. — If we conceive a narrow tube bounded on 
all aides by lines of force, and call it a tube of forte, we can lay down 
tlw following remarkable rules' for tlie comparison of tJie forces which 
ezMtat di^rent points in its length. (1) /n any portion of a tube 
of force not containing eUctjncity, the tTitensitj/ of force varies 
inveneljf ae the croes-eection of the tvhe, or the product of inttnsiiy 
of force by etction of fttie, is constanL* (2) When a tube of force 
etda through electricity, this product changes, fiinn one side of Mt« 
eUctrieity lo the other, by the amotiiU \rq, where q denotes flie 
qoantity of the electricity inclosed by the tube. 

The following are particular cases of (1) :— 

When the electricity to which the force is due is collected in a- 
point, 'the lines of force are straight, the tubes of force are cones fin 
the most general sense), and the law of force becomes the law of 
inverae sqaares, since the section of a cone varies as the square of the 
distance from the vertex. These results also apply to the case of 
electricity imifonnly distributed over the sor&ce of a sphere, the 
common vertex of the cones being now at the centre of the sphere. 

When the electricity consists of the charges of two oppositely 
electrified parallel plat«s, whose length and breadth exceed the dis- 
tance between them (the plates being conductors, and placed oppo«te 
to each otherj, the lines of force between their ceutial portions are 
sensiUy straight and parallel, the tubes of force are therefore cylin- 
ders (in the most general sense), and the force is constant, being equal 
to Uie difference of the potentials of tlie plates divided by the dia- 

' For tht Ffoof of Iht mla, u mathsiulteal dednctionB Erniu the hw tl inToaa aqttMi^ 
MC Tbonun aad Tait'i Satmnl PkiloKipkf, £j (90, 492. 

I TU* if linwvaij aailas^iam lo tbc law which k|^lie> tu the oompariwiii of Um mhiiiliiw 
at w. Uqmd in difiovA pnli of k tobe throogh which il flow*, noce tb« prodoct of ana hf 
nlodty i* the roh^ <■( Eqnid whidi flon pwt uj Hction in mit tiaie. The tabs auy 
be Ml im-F"— T "^ bfl ui ried by Ian* of do* in ■ Urp bod; of Sqaid floiriag MawUlj. 
liDM <rf flow *R Aia a 
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tance between tiiem. Tlie same tiling liolds if, iDslead uf being 
oppositely electrified, the plates are similarly electrified, but not to 
the Bame poteatiaL 

44SH. Force Proportional to Number oflnbes which cnt Uait Area. 
— The cross-sections of tuhea of force are jjortiona of equi potential 
surfaces. If one equipotential sui-face be divided into portions, such 
that the product of area b-y jorce-inteneity shall be the same for all, 
then, if all neighbouring space not containing electricity be cut up 
into tubes, sprin^ng from these poitions as their respective baaes, 
the product of any cross-section of any one of these tubes by the 
force-intensity over it will be constant. The force-intensities at any 
points in this space are therefore inversely as the cross-sections of the 
tabes at these points, or are directly as the number of tubes per unit 

ea of equipotential surfaces at the points. 

448 1. Force just Outside an Electrified Conductor. — Since there is 
BO force in the interior of a conductor, the lines and tubes of force 
become indeterminate; but proposition (2) of § H5q can be shown 
to hold when we give them any shape not discontinuous. Let p 
denote the electric density at a point on tiie surface, and a a small 
area around this point, which area we shall regard as a section of a 
tube of force cutting through the surface. Let F denote intensity of 
force just outside the surface opposite this point, then, since the 
intensity inside is zero, we have 



that ia, the intensity offoi-ce jitst outside any part of tiie eurface of 
a charged condtu:tor, is equal to tlie product of iw iiUo the density 
at the nearest paH of the surface. 

1446 '. Relation of Induction to Lines and Tubes of Force. — Lines of 
force are also the lines along which induction takes place. On 
Faraday's theory of induction by contiguous particles, the hne of 
poles, for any particle, is coincident with the line of force which 
passes through the particle. Apart from all theory, it is matter of 
£act that a tviie of force extejuling from an infiuencing to an 
^htfiflnenced conductor, and not containing any electricity in the 
I betv?een. has equal quantities of electricity on its two ends, 
t quantities being of opposite sign. This equality follows at 
■ once from § ++5g (2), if we consider the tube as penetrating the two 
Kconductors ; for the product of force by section, which is constant for 
the poitioD of the tube in air, is zero in both conductors; and the 
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quantity of electricity on either end of the tube must be the quotient 
of this constant product by 4«- In connection with this reasoning, 
it is to be remarked that the surface of a conductor is an equipoten 
tial surface, and is cut at right angles by lines of force. 

]n Faraday's ice-pail experiment, a tube of force springing from 
Uie upper side of the charged ball, and of such small section at ita 
origin as to inclose only an insensible fraction of the charge of the 
ball, opens out so fast, aa it advances, that it fills the whole opening 
at the top of the paiL 

In every case of induction, tk^ total qitaTttUiea of inducing and 
inducefl electricity are tquul, and of opposite siffTU 

When the inducing electricity resides in or upon a non-conductor, 
for example on the surface of a glass rod, or in the substance of a 
mass of air, the quantity of electricity induced on the base of a tube 
of force ia equal and opposite to the quantity contained within the 
tube. In the simplest case, all the tubea will have a common apex, 
which will bo a point of maximum or minimum potential 

446k Potential defined as Z^. 

The resultant potential nt a point, due to several different quan- 
tities of electricity, is the algebraical sum of the potentials due to tlie 
different quantities separately conadered. This would follow at once 
from the relation ulxive indicated as existing between potential and 
work. 

If the unit of quantity of electricity be defined as that quantity 
which, at unit distance, produces unit intensity of force, it can be 
shown' that the whole work done by or against the force of an 
element q. in bringing n unit of electricity fi-om infinite distance to 
a point lit a distance r from the element, is y. This expression 
therefore denotes the potential due to ^ at the distance r, if we adopt 
the very nntural convention timt the {>oteDtial at infinite distance 
shall be i-eckoned «ero. 

The resultant potential at a point, due to the presence of any 
quantity of electricity illNtvibuted in any way, is to be computed by 
dividing thff I'li-ctriijity into clt'inents, each occupying so little space 
that all |Hirt« of it may ha rpgimlwi as at the snme distance from the 
point, and summing all the quotients ', Tho distances denoted by r 
are oBsentially ponitiv*. If the electricity ia not all of one sign, some 
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of the quotients ' will be positive, iiiid otiiera negative, and their 



445l. Application to Sphere. — In the case of a charged conducting 
sphere, all the elements q are equally distant from the centre of the 
sphere, and the sura of the quotients ~, when we are computing the 
potential at the centre, will be ^, Q denoting the charge, and R the 
I radius of the sphere. But the potential is the same at all points in 
^ is therefore the potential of a sphere of radius R, 



when uninfluenced by any other electricity than ite 



i conductor. ^ 
with charge Q, 
I own, 

44JSK. Capacity. — The electrical capacityof a conductor is (Ac juaii- 
tity of electricity required to charge it to unit potential, when it is 
not influenced by any other electricity besides its own cliarge and 
the electricity which this induces in neighbouring conductors. Or, 
fiince, in these circumBtances, potential varies directly as charge, 
I capacity may be defined as the quotient of charge by putential. Let 
I C denote capacity, V potential, and Q charge, then we have 

C = ^ ; V=g i Q-TC. 
I But we have seen that for a sphere of radius R, at a distance from 
I other conductors or charged bodies, V = j^. Hence C = R; that is, 
f the capacity of a sphere is numerically equal to its radius. 

This is a particular instance of the general proposition that the 
[ capacities of similar conductors are as their linear dimensions; which 
may be proved as follows: — 

Let the linear dimensions of two similar conductors be as 1 : ii. 
Divide their surfaces similarly into very small elements, which will 
of course be equal in number. Then the areas of corresponding 
elements will be as 1 : n», and,,if the electrical densities at cor- 
' responding points be as 1 : x, the charges on corresponding elements 
9 1 : n^x. The potential at any selected point of either con- 
ductor is the sum of such terms as ^ (§ 445 Kj. Selecting the cor- 
, responding point in the other conductor, and comparing potentials, 
e values of q are as 1 : n^x, and the values of r are as I : tj^ ; there- 
fore the values of ' are as 1 : nx. Hence the potentials of the two 
^ndoctors are as 1 : nx. If they are equal, we have nx = 1, and 
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therefore it'x =: n ; that U, the charges on coiTesponding elements, 
and therefore also on the whole surfaces, are as 1 : w. 

We shall see, in the chapter on Condensers, that the capacity of a 
conductor may be greatly increased by bringing it near to another 
conductor connected with the earth. 

44Sn. Connection between Potential and Induced Bistribation. — In 
the circumstances represented in Fig. 33ti (§ i\-), if we suppose the 
inHuencing body C to be pasitively charged, the potential due to this 
charge will be algebraically greater at the near end A of the in 
duenoed conductor than at the remote end R The induced electri- 
city on AB must be so distributed as to balance this difference, in 
(act the potential due to this induced electricity is n^ative at A and 
positive at B. All cases of induced electricity upon conductors fall 
under the rule that tfte poterUial at all pai-ta of a conductor vmet be 
the same, and hence, whermtrr the potential due to the in/lutncing 
tteeirioiti/ u) alffebraieaU^ gnateat, the potential due to the electricity 
on th« iiifiu^neeit conductor must be algebi-aicaUy lea^. 

As tliere can be no force in the interior of a conductor, the force 
at any {x>int in the interior, due to the influencing electricity, must 
be equal and opjKi^ite to the force due to the electricity on the sur- 
fikce of Uie conductor. This holds, whether the conductor be solid or 
hollow. A hollow conductor thus ci>mptetely scret^ns from external 
dectrical forces all bodies placed in its interior. 

i45o- ElKtrieal Ima^s. — If a ver>- large plane sheet of conducting 
material be connecteil with the e«rth, and an electrified body be 
placed in front of it near its middle, the plate will completely screen 
all bodies behind it from the forcv due lo the eWtiitied body. The 
indace<l electricity on the plate thert-fore exerts, at all ptunts behind 
tlw plate, a force eqmd and opposite to tlMt of tbe electrified body, 
or, what is the same thing, a force identical with that which the 
etectriBed body would exert if its electricity were re%-OTf*ed in sign. 
But electricity distributoit ov«r a )ilane surAice must act symmetri- 
cally towards both sides. Hence the fonw which ttie induced electari- 
city e-xert« in front, is identJoal with that which would be exerted by 
a body precisely similar to the given eleotrical body, s)-mmetri«Uy 
plMed beliind tlte plane, and ct»argvd with the oftpoate eleobidty. 
The total force at any |Mnnt in (Vwat of the ftfatne is the rasnhwtt of tin 
foree doe to the gi\-en eleolritieil IvhIy. and the (one dw to thb ima- 
ginary image. The name and the idea of eJerfr*<«U imtagr*, of vbit^ 
this is one of the simplest esainitlea. are dut to Sir W, Tbonua 
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44fip. Condensera. — The process called oondenaation of electricity 

insists in increasing the capacity of a conductor by bringing n 

it another conductor connected with the earth. The two conductors 

are usually thin plates or sheets of metal, placed parallel to one 

another, with a larger plate of non-conducting material between 



Let A and B (Fig. 379) be the two conducting platea, of which A. 

led the collecting plate, is connected ^ 

with the conductor of the machine, and 

B, called the coiideTming plate, with the 

irth; and let C be the non-conducting 

,te (or dielectric) which separates them. 

len, if the machine has been turned 

ittl the limit of charge is attained, the 

Tace of B which faces towards A is 

'ered with negative electricity, drawn 

im the earth, and held by the attrac- 

of the positive electricity of A ; and, 

iversely, the surface of A which faces 

'ards B, is covered with positive elec- 

idty, held there by the attraction of the 

,tive of B, in addition to the charge 

'hich would reside upon it if the conductor were at the existing 

intial, and B and C were absent. In fact, the electrical density 

the face of A. as well as the whole charge of A, would, in this 

^ter case, be almost inappreciable, in comparison with those which 

ist in the actual ctrcumstances. By condensation of electricity, 

we are to understand increase — usually enormous increase — 
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of electrical deneity on a given surface, aUaintd without increase 
of potential. If two conducting plates, in other respecte alike, but 
one with, and the other without a condensing plate, be connected by 
a wire, and the whole system be electrified, the two plates will have 
the same potential, but nearly the whole of the charge will reside 
ujiun the face of that which ia accomjianied by a condensing plate. 

445 Q, Calculation of Capacity of Condenser. — The lines of force 
between the two plates A and B are everywhere sensibly straight 
and perpendicular to the plates, with the exception of a very small ■ 
space round the edge, which may be neglected The tubes of force 
(§ 445 g) are therefore cylinders, and the intensity of force is con- 
stant at all parts of their length. Also, since the potential of the 
plate B is zero, if we take V to denote the potential of the plate A, 
which is the same as the potential of the conductor, and t to denote 
the thickness of the intervening plate C, the rate at which potential 
varies along a line of force ia y, which is therefore (§ 445 D) the 
expression for the force at any point between the plates A, B. The 
whole space between the plates may be regarded as one cylindrical 
tube of force of cross-section S equal to the area of either plate, the 
two ends of the tube being the inner faces of the plates. The quan- 
tities of electricity + Q residing on these faces are therefore equal, 
but of opposite sign (*§ 445 J); and as the force changes from nothing 
to — in passing from one side to the other of the electricity which 
resides on either of these surfaces, we have (§ 445 a) 

Hence tlie capacity of the plate A, being, by definition, equal to ^, 
is equal to 



We should, however, espkin that, if the intervening plate C is a solid 
or liquid, we are to understand by t not the simple thickness, but the 
. thickness reduced to an equivalent of air, in a sense which will be 
explained further on (§ ^h'i). This reduced thickness is, in the ca«e 
of glass, about half the actual thickness. 

If denote an element of area of A, and q the charge residing 
upon it, it is evident, from considering the tube of force which has a 
for one of its ends, that 
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^^^pnd the electric density ^ on tlie element is equal to ^^^ , whicli is 
constant over the whole face of the plate. 

To give a rough idea of the increase of capacity obtained by the 
employment of a condensing plate, let us compare tlie capacity of & 
drcular disc of 10 iuclies diameter, accompanied by a condensing 
plate at a reduced distance of ^ of an inch, with tlie capacity of a 
globe of the same diameter as the disa The capacity of the globe 
MJB equal to its radius, and may therefore be denoted by 5. The 
npacity of the disc is ^^ ^ , = 1 25, or 25 times the capacity of the 
^lobe. It is, in fact, the same as the capacity of a "lobe 250 inches 
|;{or 20 ft. 10 in.) in diameter. 

446. Discharge of Condenser. — If, by means of a jointed brass dis- 
larger (Fig. 380) with knnbs M N at the ends, and with glass 
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indies, we put the two plates A and E in communication, a brilliant 

npark is obtained, resulting from the combination of the positive 

charge of A with the negative of B, and the condenser is discharged. 

When the quantity of electricity is small, the glass handles are un- 

Decessary, and the simpler apparatus represented in Fig. 381 may be 

employed, consisting simply of two brass rods jointed together, and 

I with knobs at their ends, care being taken to touch the plate B, 

} vhich is in communication with the earth, before the other. The 

operator will then experience no shock, as the electricity passes in 

[ preference through the brass rods, which are much better conductors 

I the human body, If, however, the operator discharges the 
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condenser with his hands by touching first the plate B, and then also 
the plate A, the whole discharge takes place through his arms and 
chest, and he experiences a severe shock. If he eim|»ly touches the 
plate A, while B remains connected with the earth by a chain, as in 
Fig. 379, he receives a shock, but less violent than before, because 
the discharge has now to pass through extemnl bodies which con- 
Bume a portion of its energy. If, instead of a chain, B is connected 
with the earth by the hand of an assistant touching it, be too will 
receive a shock when the operator touches A. 

♦47. Discovery of Cnnena. — The invention of the Leyden jar was 
brought about by a shock accidentally obtained. Some time in.^ 




ynar \7Vi, Ciiiieus, a pupil of Muschenbroeck, an eminent philoaopher 
>.f I^ydon, wishing to electrify water, employed for this puipoae a 
wide-mouthed Qaak, which he held in his hand, while a chain from 
the iwnductor of the machine dipped in the water (Fig. 382). When 
the experinii>nt had been going on for some time, he wished to di»- 
iionnect the water from the machine, and for this purpose was about 
to lift out the chain ; but, on touching the chain, he experienced ,B 
dhook, which gave him the utmost consternation, and made him let 
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Bik. He took two days to recover himself, aod wrote to 
hat he would not expose himself to a aecond shock for the 
-crown of France. The news of this extraordinary experiment spread 
over Europe with the rapidity of lightning, and it was eagerly 
repeated everywhere. Improvements were soon introduced in the 
arrangement of the Qask and its contents, until it took the present 
form of the Leyden Phial or Leyden Jar. It is easy to see that the 
effect obtained by Cuneus depended on condensation of electricity, 
the water in the vessel serving as the collecting plate, the hand aa 
condensing plate, and the vessel itself as the dielectric. When he 
(puched the chain, the two oppositely charged conductors were put 
) communication through the operator's body, and he received a 
xk. 

. Leyden Jar. — The Leyden jar, as now usually constructed, 
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8 of a glass jar coated, both inside and out, with tin-foil, for 

mt four-fifths of its height The mouth is closed by & cork. 

which passes a metallic rod, terminating above in a knob, 
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and Gonoected below with the inner coating, either by a chain de- 
pending from it, or by pieces of metallic foil with which the jar is 
filled. The interior of the jar must be thoroughly dry before it is 
closed, and the cork and neck are usually covered witli aealing-wax, 
and shellac varnish, which is leas hygroscopic than glass. The Leyden 
jar is obviously a condenser, its two coatings of tin-foil performing 
tlie parts of a collectiug plate and a condensing plate. If tbe inner 
coating is connected with the electrical machine, and the outer coat- 
ing with the earth, the former acquires a positive, and the latter a 
negative charge. On connecting them by a discharger, as in Fig. 
381, a spark is obtained, whose power depends on the potential of 
the inner coating, and on its electrical capacity. If these be denoted 
respectively by V and C, and if Q denote the quantity of electricity 
residing on either coating, the amount of electrical energy which nms 
down and undergoes transformation when the jar is discharged, is 
QV = CV» = ^. 

The quantities Q. V, C, which are, properly speaking, the charge, 
potential, and capacity of the initer caiting, are usually called the 
charge, potential, and capacity of the jar. 

449. Eesidual Charge. — When a Leyden jar has been discharged 
by connecting its two coatings, if we wait a short time we can obtain 
another but much smaller spark by again connecting tliem, and other 
sparks may sometimes be obtained after further intervals. These are 
called secondary discharges, and the electricity which thus remains 
after the fii-st discharge is called the residuul charge. Faraday's 
exjjerimenta leave little room for doubt that they depend mainly 
upon a gradual penetration of electricity from both sides into the 
distance of tbe glass, to a very small depth, but sufHcient to prevent 
the electricity which has bo entered from at once escaping to the 
ctfth when connection is made. Faniday appeals to this phenomenon 
^ attongly confirming his view that the difference between con- 
liiBlaB and non-conductors is only one of degree, this penetration 
^^v anly ui extremely slow process of conduction. A small part 
1 charge also consists of electricity spread over the siir- 
e rhm beyond the edges of the coatingn. 
■ wtub charge of the outer coating, and all except an insigni- 
-fiagtB^i of (be charge of the inner coating, resides on the side 
bsai. itiiirt is in contact with the glass, or, more probably, 
u^MB»*tf the glass itself, tbe mutual atlraction of the two 
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opposite electricities causing them to approacb as near to each other 
as the glass will permit. Tliia is illustrated by Fi-anklin's experi- 
ment of the jar with movable coatings (Fig. 3S5). Tht* jar is charged 
in the ordinary way, and placed on an insulating 
stand. The inner coating is then lifted out by a 
glass hook, and touched with the hand to dis- 
charge it of any electricity which it may retain. 
The glass is tlien lifted out, and the outer coating 
also discharged. The jar is then put together 
■gkin, and is found to give nearly as strong a 
spark as it would have given originally. 

490. Dischargee by Alternate Contacts. — In- 
stead of discharging a Leyden jar at once by 
connecting its two coatings, we may gradually 
discharge it by alternate contacts. To do this, 
we must set it on an insulating stand (or other- 
wise insulate both coatings from the eai'th), and 
then touch the two coatings alternately. 
every contact a small spark will be drawn. The 
coating last touched has always rather less elec- *■''• ''^l\~^*'. '^^ 
tricity upon it than the other, but the difference 
ia an exceedingly small fraction of the whole charge, and, after a 
great number of sparks have been drawn by these alternate con- 
tacts, we may still obtain a powerful discharge by connecting the 
two coatings. 

The quantities of electricity thus alternately discharged from the 
two coatings form two decreasing geometric series, one for each 
coating. In fact, if m. and m' be two proper fractions such that, 
when the outer coating is connected with the earth, the ratio of its 
charge to that of the inner is — m; and, when the inner coating is 
connected with the earth, the ratio of its charge to that of the outer 
ift — m', we have the following series of values : — 



Origionl oharBes, + Q ... - m Q 

After lot ooDt&ct, . . . . + rn'm Q "■ - M Q 

2d + m-m Q ,.. - m'w* Q 



Jk 
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\ The quantities discharged from the inner coating are, successively 
mO—rn'm) Q . rrim, (1 — to'th) Q , m'*m" (1— m'm) Q, fee,; and the 
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quantities successively discbai^ from the outer. n^Iecting sign, 
are,m{l-m'mj Q , m'm» (!-m'm) Q. m''m» (1-m'm) Q, &c 

The quantity (1— m'm) Q discharged at the first contact, repre- 
mata that portion of the charge' which is not due to condensation; sO' 
that the actual capacity of the Leyden jar is to the capacity of the 
inner coating if left to itself aa 1 : 1— m'm. 

The diacbarge by alternate contacts can be effected by means of a 
carrier suspended between two bells, as in Fig. 386. The rod from 
the inner coating ter- 
minates in a bell, and 
tlie outer coating ia 
connected, by means 
of an arm of tin, with 
another bell supported 
on a metalhc column. 
An insulated metallic 
ball is suspended be- 
tween the two. This 
is first attracted by the 
positive bell. Then, 
(".■ing repelled by this 
:ind attracted by the 
-'^ other, it carries its 
charge of positive elec- 
tricity to the negative 
bell, and receives a 
to the positive bell, and ao on 
insulating support 
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charge of negative, which it 

lUtemately. The whole apparatus stands upon 

It is not, however, necessary that the carrier should be insulated 

from the earth, but it must be insulated from both coatings. 

461. Oondensing Power. — By the condensing power of a given 
arrAnguniont is meant the ratio in which the capacity of the 
oollnL'tiiig pinte is increased by the presence of the condensing plate, 
which ratio, as we have seen in last section, is equal to the frac- 
tion ] Jij^ ■ Kiesa has investigated its amount es|ierimentally under 
varying oondltions, by means of the apparatus i-epresented in Fig. 
8H7, which is a modification of the condenser of .^pinuji. It consists 

' TUli pirtion ut thi original oharga is oud to be fnt, and the renuunin^ portioD to ba 
twiHH^ iltumitUa*^, ur laltnt. Tb«M tarmi an applicable to all caaei of oondtuuaUoii. 
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^^Fof two metallic plates A aod B, supported on glass pillars, and 
^^P traTelling on a rail, so that they can be adjusted at difierent distances. 
^^ Between them U a large glass plate C A is charged from the 
toachine. B being at the same time touched to connect it with the 
' ground The electrical density on the anterior face of A was ub- 




Bored by means of Coulomb's proof-plane and torsion-balance. 
Riess' experiments are completely in agreement with the theory laid 
down in the preceding sections of this chapter; for example, he found, 
among other results, that the condensing power was independent of 
the absolute charge, and that it varied nearly in tlie inverse ratio of 
Uie distance. 

468. Influence of the Dielectric— Faraday discovered that the 

[ amount of condensation obtained in given positions of the two coq- 

[ ducting plates, depended upon the material of the intervenhig noTi- 

eondtictor or dielectric. The annexed figure (Fig. 388) represents a 

modification of one of Faraday's experiments. A is an insulated 

metallic disc, with a charge, which we will suppose to be positive. 

B and C are two other insulated metallic discs at equal distances 

from A, each having a small electric pendulum suspended at its back. 

(.let B and C be touched with the hand ; they will become negatively 
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electrified by induction, but their negative electricity will reside only 
on their sides which face towards A, and the pendulums will bang 
vertically. If, while matters are in this condition, we move B nearer 
to A, we shall see both the pendulums diverge, and, on testing, we 
shall find that the pendulum B 
diverges with jiositive, and C with 
negative electricity. The reason 
is obvious. The approach of B to 
A causes increased induction be- 
tween them, so that more negative 
is drawn to the face of B, and 
positive is driven to ito back; at 
the same time the symmetrical 
distribution of electricity on A is 
disturbed, a portion being acco- 
mulated on the side next B at the 
^^^^^^^^^^^^^^^j expense of the side next C, The 
pis. is8.-ch«ng«orutaujiw inductive action of A upon C is 

thus diminished, and a portion of 
the negative charge of C is left free to spread itself over the back, 
and affect the pitb-balL 

If, while the disi^ are in their initial position, B and C being equi- 
distant from A, and the pendulums vertical, we interpose between 
B and A a plate of sulphur, shellac, or any other good insulator, the 
same effect will be produced as if B bad been brought nearer to A. 
We see, then, tliat the insulating plate of a condensing arrangement 
serves not only to prevent discharge, but also to increase the induc- 
tive action and consequent condensation, as comimred with a layer 
of air of the same thickness; inductive action through a plate of 
sulphur or shellac of given thickness, is the same as through a thinner 
plate of air. The numbers in the subjoined table denote the thick- 
ness of each material which is equivalent to unit thickness of air. 
For example, the mutual induction through 2-2i inches of sulphur 
is the same as through 1 inch of air. These numbers are called 
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Spsciria Inductitb Capacities. 
. . ion I Pitch, . , 
, . 1 « W»i, . , 

. . . 176 SheUjK. . , 

, , . 177 I Sulphur, 



The quotient of the actual thickness of the plate by the apecifio 



FABAUAYS DETERMINATIONS. 



577 



^Rmductive capacity of its material may approprintely be called the 
Kiftic^eas redtuied to ita equivalent of air, or simply the reduced 
thicknesa. 

454. Faraday's Dotenninations. — Faraday, to wliom the name and 
discovery of specific inductive capacity are due, operated by com- 
paring the capacities of condensers, alike in all other respects, but 
differing in the materials employed aa dielectrics. One of his con- 
densers 13 represented in Fig. 389. It is a kind of Leyden jar. 
containing a metallic sphere A, attached to 
the rod M, and forming with it the inner 
conductor. The outer conductor consists of 
the hollow sphere B, divided into two hemi- 
spliert.'3 which can be detached from each 
V «ther. The interval between the outer and 
^kj^Dner conductor can be tilled, either with a 
^PBGAke of solid non-conducting material, or 
with gas. which can he introduced by means 
of the cock R The method of observation 
and reduction will be best understood from 
L«n example. 

I interval being occupied by air, the 

:atus was charged, and a carrier-ball, 

uving been made to toucli the summit of 

e knob M, was introduced into a Coulomb's 8i«1flrind^ii«'cl.'^«j. 

Bion-balance, and found to be charged 

1 a quantity of electricity represented by 250° of torsion. When 
e second apparatus was precisely similar to the firat, it was found 
lAt, on contact of the two knobs, the charge divided itself equally. 
1 the carrier-ball, if applied to either knob, took a charge repre- 
nted very nearly by 1 25°. 

e conditions were then changed in the following way. The first 

r still containing air, the interval between the two conductors in 

e second was filled with shellac. It was then found that the air- 

■, being charged to 290", was reduced, by contact of its knob with 

t of the shellac-jar. to 114°, thus losing 176°. If no allowance be 

e for dissipation, the capacities of the air-Jar and shellac-air would 

refore be as 114 : 17(i. or as 1 : 1*54, and the specific inductive 

ty of shellac would be 1 Si. 

, Polarization of the Dielectric. — Aa the interposed non-con 
', or dielectric, modifies the mutual action of the two electri- 
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cities which it separates, and does not play the mere passive part 
which was attributed to it before Faraday's experiineDte, it is natural 
to conclude that the dielectric must itself experience a peculiar 
modificatioa According to Faraday, this modiiication consiats in 
a polarization of its particles, which act inductively upon each other 
along the lines of force, and have each a positive and a negative side, 
the pa'iitive side of each facing the negative side of the next. This 
polarization is capable of being sustained for a great length of time 
in* good non-conductors; but in good conductors it instantly leads to 
dischai^e between successive particles, and the opposite electricities 
appear only at the two surfaces. 

The polarization of dielectrics is clearly shown in the following 
experiment. In a gla'js vessel (Fig. 390) is placed oil of turpentine, 
containing filaments of sitk 2 or S millimetres long. Two metallio 
rods. A, B, each terminating within in a point, are connected, one 




Fig. IH.— Polarialiuu al DMMUio, 



with the ground, and the other with an electric machine. On work- 
ing the machine, the tittle filaments are seen to arrange themselves 
in a line between the points, and, on endeavouring to break the line 
wltli a glass rod, it will be found that they return to this position 
with considerable pertinacity. On stopping the machiiie, they imme- 
diately fall to the bottom. 

An experiment of Matteucci's demonstrates this polarization still 
more directly, A number of thin plates of mica are pres.sed strongly 
together between two metallic plates. One of the metallic plates is 
charged, while the other is connected with the ground; and, on 
removing the metallic plates by insulating handles, it is found that 
all the mica plates are polarized, the face turned towaids the positive 
metal phite being covered witli positive electricity, and the other fi»ce 
wit! I negative. 

459. Limit to Thinness of Interposed Plate.— We have seen (§ 4454) 
that the capacity of a condenser varies inversely as the distance 
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between the collecting and the condensing plate. Bub if this dis- 
tance is very small, the resistance of the interjiosed dielectric (which 
varies directly as its thickneas) may be iaaufficient to prevent dis- 
cbarge, and it will not be practicable to estiiblish a great difference 
of potential between the two plates. We may practically distinguish 
two ftorta of condensers, one sort having a very thin dielectric and 
very great condensing power, but only capable of being charged to 
feeble' potential ; the other having a dielectric thick enough to resist 
the highest tensions attainable by the electrical machine. The 
Leyden jar comes under the second category. The first includes the 
electrophonis (except in so far as its action is aided by the metallic 
sole), and the condenser of Volta's electroscope. 

460. Volta's Condensing: Eleotrosoope. — This instrument, which has 

rendered very important services to the acieuce of electricity, differs 

from the simple gold-leaf electro- 

Hcope previously described (§ 415), 

in having at its top two metal plates, 

[ of which the lower one la connected 

I "with the gold-leaves, and is covered 

on its upper face with insulating var- 

lUBb, while the upper is varnished on 

its lower face, and furnished with a 

s handle. These two plates con- 

ite the condenser. In using the 

jstrument, one of the two plates (it 

matters not which) is charged by 

ains of the body to be tested, 

lile the other is connected with 

a earth. They thus receive oppo- 

e and sensibly equal charges. The 

>per plate Is then lifted off, and the higher it is raised the wider 
Pdo the gold-leaves diverge, The separation of the plates dimin- 
t islies the capacity, and strengthens the potential of both, one 
I becoming more strongly positive, and the other more strongly 
This involves increase of potential energy, which is 
mted by the amount of work done against electrical attrao- 




' Strang foiantiil is potential iliSering: vezy much from icro eithar positively or negs- 
Ktivaly. Fttblt luittmtiiU u potential not difToritig macb from usro. TVniioR is measured 
I ty di&ience of pottmUal ; uid wbuu the uutb U one ol the terms uf the compariMiD, tenaioa 
nlwABa idenliaal with puhmtiaL 
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tion ill aepiirating the plates. No increase in quantity of electricity 
is produced by the separation ; hence the instrument is chiefly ser- 
viceable in detecting the presence of electricity which is available io 
large quantity but at weak potential. The glass handle of the upper 
plate is by no meann essential, as it i» only necessary that the lower 
plate should be insulated. The charge may be given by induction; 
in wbicli case one plate must be connected with the earth while the 
inducing body is lieM near it, and the other plate must be kept con- 
riecte<i with the earth while the influencing body is withdrawn. 
The plates will then be left charged with opposite electricities, that 
which was more remote from tiie influencing body having acquired 
a charge similar to that of the body. For inductive chargea bow- 
ever, the condensing arrangement serves no useful purpose, beyond 
enabling the electroscope to retain its charge for a longer time, the 
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effeoi Anally obtained on !i»|>ani(ing thv plutes being no gneater tJian 
would have been obtained by employing only the lower plate. 

46L Ii0f dea Battery. — The Leyilen bfttt«ry nioastB of a number of 
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Leyden jars, placed in compartments of a box lined with tin-foil, 
wliicb aervea to establish good connection between their outer coat- 
ings, while their inner coatings are connected by braaa rods. It is 
advisable that the outer coatings should have very free communica- 
tion with the earth. For this |>urpoae a metallic handle, which is in 
metallic communication with the lining of the box, should be con- 
nected, by means of a chain, with the gas or water pipes of the 
building. 

The oapatuty of a Leyden battery is the sura of the capacitiea of 



I 




the jars wliich compose it. Tlie charge is given in the ordinary way, 
by connecting the inner coatings with the conductor of the machine. 
In bad weather this is usually a very difficult operation, on account 
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of th« large quantity of electricity required for a full cbarge. and tlie 
liu;ge surface from which dissipation goea oo. 

Holbi'a machine can be very advantageoualy employed for charging 
H battery, one of its poles being connected with the inner, and the 
other with the outer coatings. In dry weather it gives the charge 
with surprising quickness. 

463. Lichtenber^'s Figures. — An interesting experiment devised by 
Lichtenherg server to illustrate the difference between the physical 
properties of positive and negative electricity. 

A Leydcn jar is charged, and the operator, holding it by the outer 
cuating, truces « design with the knob on a plate of shellac or vul- 
canite He then places the jar on an insulating stand, to enable him 
to trannfer his hold to the knob, and traces another pattern on the 
caike with the outer coating. A mixture of tiowers of sulphur and 
red-lead, which has previously been well dried and shaken together, 
is then sprinkleti over the cake. Tlie solphur, having become nega- 
tively eletrtritied by friction with the red-lead, adheres to the pattern 
which was traced with positive electricity, while the red-lead adheres 
t*i th« other. Tlie yellow aad red colours render the patterns very 
conspicuous. The partjdes of sulphur (represented by the inner 
|Mtt«m in Fig. 3!>3) arrange tliemselves in bi&ncbiDg lines, while the 
riHM*ad (shuwu in the out<-r pattern) forms circular spots; whence 
it would appear that |>ositive elettneity travels along the surface 
mor« Msily than negative. A similar differenee has already been 
(Hiint«d out Wtwefii positive and negative brushea 
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463. DiBoharg:e of Batteries. — The effects produced by tlie discliai^if 
of A Leyden jar or battery differ only in degree from ttioae of ani 
ordinary electric spark. The shock, which is smart even with a smallj 
jar. becomes formidable with a large jar, and still more with a battetj 
of jars. 

If a shock is given to a number of persons at once, they mue 
form a chain by holding hands. The person at one end of the chaiiL 
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Ibust place his band on the outer coating of a charged jar, and 
k|ier8on at the other end must touch the knob. The shock will 
^elt by all at once, but somewhat less severely by tln^se in the 
, The coated patie, represented in Fig. 39*, is simply a condenser, 
insisting of a pane of glass, coated on both sides, in its central 
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tion, with tin-foil Its lower coating b connected with the earth by 
a chain, and a cliarge ia given to its upper coating by the machine 
When it is charged, if a person endeavours to take up a coin laid 
upon its upper face, he wiil experience a shock as aoon as his hand 
comes near it, which will produce involuntary contraction of liis arm, 
and prevent him from taking hold of the coin. 
, 464. Heating of metallic Threads. — The discharge of electricity 
through a conducting system produces elevation of temperature, the 
amount of heat generated being the equivalent of the potential 
energy which runs down in the discharge, and which is jointly pro- 
portional to quantity of electricity and diflerence of potential. The 
incandescence of a fine metallic thread can be easily produced by the 
discharge of a battery. The thread should be made to connect the 
knobs a b of an apiiaratus called a univeraal diaahargev; these knoba 




being the extremitius of two metallic arms auppoited on glo-ss stems. 
One of the arms is connected with the external surface of the battery, 
and Uie other arm is then brought into connection with the internal 
gor&ce by means of a discharge!- with glass handles. At the instant 
•C the spark passing, tlie thread becomes red-hot, melts, burns, or 
i^lilri — leaving, in the latter cases, a coloured streak on a sheet 
^^^ e placed behind it. When the thread is of gold, this streak 
^^i^^and exactly resembles the marks left on walls when bell- 

g gilt thread are struck by lightning. 

[ Portrait.— The volatilization of gold is employed in 
B called electric portraits The outline of a por- 
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trait of Frankliu is executed iq a thin card by cutting away narrow 
etripa. Two sheets of tin-foil are gummed to opposite edges of the 

I, which is then laid between a gold-leaf and another card. The 
le is then placed in a press (Fig. 396), the tin-foil being allowed 




to protrude, aud strong presaiire is applied. The press is placed 

on the table of the universal discharger, and the two knobs of the 

latter are connected with the 

two sheets of tin-foiL The 

discharge is then passed, the 

gold is volatilized, and the 

vapour, passing through the 

slits to the white card at the 

back, leaves purple traces 

which reproduce the design. 

466. Velocity of Electri- ' 
city. — Soon after the in- 
vention of the Leyden jar, 
various attempts were made 
to detemiitie the velocity 
with which the discharge 
travels through a conductor 
connecting the two coat- 

inga Watson, about 17+8, took two iron wires, each more than a 
mile long, which he arranged on insulating supports in such a way 
that all four ends were near together. He held one end of each wire 
in bis hands, while the other ends were connected with the two coat- 
ings of a charged jar. Although the electricity bad more than a mile 
to travel along each wire before it could reach hia hands, he could 
never detect any interval of time between the passage of the spark 
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from the knob of tiie jar and the shock which he felt. The velocity 
W&8 in fact far too great to be thus measured. 

Wheatstone, about 1836, iuvestigafied the subject with the aid of 
the revolving mirror of which we have spoken above (§ i37j. He 
connected tlie two coatings of a Leyden jar by means of a conductor 
wliich had breaks in three places, thus giving rise to three sparks. 
Wlien the sparks were taken in front of the revolving mirror, the 
poHitions of the images indicated a retardation of the middle spark, 
as compared with the other two, wliich were taken near the two 
coatings of the jar, and were strictly simultaneoua. The middle 
break was separated from each of the other two by a quarter of a 
mile of copper wire. Ue calculated that the retardation of the middle 
spark was j isa^Qoo of a second, which was therefore the time occupied 
in travelling through a quarter of mile of copper wire. This is at the 
rate of 288,000 miles per second, a greater velocity than that of light, 
which is only about IS+jOOO miles per second. 

Since the introduction of electric telegraphs, several observations 
itave been taken on the time required for the transmission of a signal. 
For instance, trials in Queenstown harbour, in July, 1856, when Uie 
two portions of the first Atlantic cable, on board the AgaTnemnon 
and Niagara, were for the first time joined into one conductor, 2500 
inilefl long, gave about I J seconds as the time of transmis^on of a 
Bignal from induction coils, corresponding to a velocity of only 
ItOO miles per second. In 1858. before again proceeding to sea, a 
quicker and more sensitive receiving instrument — Thomson's mirror 
galvanometer — gave a sensible indication of rising current at one end 
of 3000 miles of cable about a second after the application of a 
Dan i ell's battery at the other. 

It seems to be fully established by experiment that electricity ha» 
no definite velocity, and that its apparent velocity depends upon 
various circninstances, being greater through a short than through 
a long line, greater (in a long line) with the greater intensity and 
suddenness of the source, greater with a copper than with an iron 
wire, and much greater in a wire suspended in air on poles than in 
one surrounded by gutta-percha and iron sheathing, and buried under 
ground or under water. In a long submarine line, a short sharp 
signal sent in at one end, comes out at the other as a signal gradually 
increasing from nothing to a maximum, and then gradually djing 
away. 
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467, Dnit-jar. — For quantitative ex[»erimBiit.i on tbe effeota of 
discharge, Lane'a unit-jar bas frequently been employed. One of its 
forms is represented in Fig. 398. It consUts of a very small Leyden 
pbial, having two knobs a, b, one connected with each coating, the 
distance between them being adjustable by means of a sliding rod, 
[To measure tbe charge given to a jar or battery, the latter is placed 
1 an insulating sup- 
tort, its inner coating Ls 
nnnected with tbe con- 
tactor of the machine, 
I its outer coating in 
mnected with the inner 
Mting of the unit-jar. 
e outer coating of the 
Brntit-jar must be in con- 
Inection with the ground, 
■ When the machine is 
Iworked, sparks pass be- 
tween a and b, each spark being produced by the escape of a 
(finite quantity of electricity from the outer coating of the bat- 
and indicating the addition of a definite amount to the 
B of the inner coating. Tlie charge is measured by counting 
sparks. 
Snow Harris modified the arrangement by insulating the unit-jar 
istead of the battery. One coating of his unit-jar Is connected with 
le battery, and the other with the conductor of the mauliine. The 
ittery thus receives its charge through tbe unit-jar" by a succession 
discharges between the knobs a, b. each representing a definite 
laoaatity of electricity. 

Both arrangements, as far as their measuring power is concerned, 

ipend upon the assumption that discharge between two given 

inductors, in a given relative position, involves the transfer of a 

.nite quantity of electricity. Tliia assumption implies a constant 

iditioD of the atmosphere. It may be nearly fulfilled during a 

interval of time in one day, but is not true from one day to 

ither. Moreover, it is to be remembered that, as dissipation is 

itinually going on, the actual charge in the battery at any time 

than the measured charge which it has received. 

9** ftmngement might hikve beeu described b; uying that the auitr coaling of the 
J r*DnvM ito neg»tiTe clurge from the auth tlirougii the unit-ju. 
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468. Hechsnical Effects. — The effects of dischar^ through bad 
conductors are illustrated by several well-known expeiimentH. 

1. Puncture of carii. A card is pltu:ed (Fig. 399) between two pointa 
connected with two conduetora which are insulated from one another 
by means of a glass stem. The lower conductor having been con- 
nected witii the outer coatiug of a Leyden jar which is held in the 
hand, the knob of tlie jar is brought near the upper conductor. A 
spark passes, and another spark at the same instant passes between 
the two ))oints, and punctures the card. In performing this experi- 




k H » observed tluit, tf th« {totut£ ttn not opposite e 

tion m okne to the n«^tiv« point This want of synaietoy 
B to be dm to itw pTO(M*rtii« of th« air. When anangemeats 
de far cxlMWtiDg tb« air. it k foatKl that, as the density oT 
the air is dbaiaUted. tba pwiunaion takes pboe neanr to tbe eeotre: 
TVr pufting of a eanl ow Twy msUt be eflwctcd by Holts's 
— e b ing- Its two conditetovB an ojoiKKtirol vith the two coatings 
of a naall Leydea jac Tbe t&cbari^ l«Mw««tt tbe poles will Omo 
eouist of poverfiil detooatiag »pai)» in nipiA succcoMci . and if a 
AbBi of paper or wd be iaterftctwd rvvrt- $fark will pnactinc « 
aiBiito bole in it 
& PwrfmOwm i^i/Un. Tv> «0««< Ibe (wrfvatioo of gbn a poi» 
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of glass is supported on one enH of a glosa eylincler in whose axis 
there is a tnetallic rod terminating in a point which just touches the 
pane. Another pointed rod exactly over this, and insulated t'roin it, 
is lowered until it touclies the upper face of the pane. A powerful 
spark from a Leyden jar or battery is passed between the two pointa, 
^ad, if the experiment succeeds, a hole is produced by pulverization 
Kibe glass. 




The experiment sometiiues fails, by dischaige taking place round 

k edge of the glass instead of through its substance. To prevent 

i, a drop of oil is placed on the upper face of tlie pane at the point 

e the hole is to be made; but this precaution does not always 

nre success, and. when the experiment has once failed, it is useless 

f it again with the same piece of glass, for the electricity is sure 

■ follow in tlie course which the first discharge has marked out 



, Explosion of Hines. — If a strongly charged Leyden Jar he 
charged by means of a jointed disehai^er which has one of its 
pbs covered with gun-cotton, when the spark passes between 
t jar and this knob, the gun-ootton will be inflamed. Ordinary 
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cotton mixed with powdered i-esiti caD be kindled id the same 
way. 

A similar arrangement is often used for exploding mines. A fuse 
is employed containing two wires embedded in giitta-percha, but with 
their ends unprotected ami near together. One of these wirea is 




connected with the Outer coating of & condenser, and the other is 
brought into communication with the inner coating. The discharge 
is thus made to pass between tlie ends within the fuse, and to ignite 
a very inflammable compound by whicii they are surrounded. Some- 
times one of the wires, instead of being connected with the outer 
coating, is connected with the earth by means of a buried wira 
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469a. Object of ElectronieterB. — Electrometers are instruments for 

the measurement of differences of electrical potential. Tlie gold-leaf 

y etectroacope, the straw-electroscope, and ottier instruments of the 

me type, afford rough indications of the difference of potential 
Btween the diverging bodies and the air of the apartment, and more 
isurable indications are given by the electrometers of Peltier and 
mann ; but none of these instruments are at all comparable in 

^ciBioa to the various electrometers which have been invented from 

Kie to time by Sir Wm. Tliomson. 

469b. Attracted-disc ElectrometerB, or Tiap-door Electrometers. — 
We shall first describe what Sir Wm. Thomson calls "Attracted- disc 
Electrometers." These instrnnienta, one of which is represented in 
Figs. 401 A, 401 B, contaiu two parallel discs of brass g, h, with an 
aperture in the centre of one of them, nearly tilled up by a light 
trap-door of aluminium/, which is supported in such a way as to 
admit of its electrical attraction towards the other disc being resisted 
by a mechanical force which can be varied at pleasure. The trap- 
door and the perforated plate surrounding it must have tlieir faues 
as nearly as possible in one plane when the observation is taken, and, 
as tbey are electrically connected, they may then be regarded as 
forming one disc of which a ninalL central area is movable. There 
is always attraction between the two paraUel discs, except when 
they are at the same potential 

Let their potentials be denoted by V and V, the electrical densi- 
ties on their faces by ft and p, and their mutual distance by D. We 
have seen (§ 445 q) that, in such circumstances, p and p' are constant 
(except near the edges of the discs), opposite in sign, and equal, and 
that the intensity of force in the space between them is everywhere 
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the same, and equal at once to — jj— acd to iwp. Thia force ia 
jointly due to attraction by one plate and repulsion by the other, 
each of these having the intensity 2-rp, or half the total intensity. 

Let A denote the area of the trap-door. The quantity of electricity 
upon it will be p A, and the force of attraction which this experiences 
will bepA X 2tp = 2ip*A, which we shall denote by F. Then 
from the equations 

V- V 

we find, by eliminating p. 

469o. Absolute Electrometer. — In the absolute electrometer, which 
somewhat resembles Fig. 401 b turned upside down, the force of 
electrical attraction on the trap-door is measured by direct com- 
parison with the gravitating force of known weights. This is done 
by first observing what weiglita must be placed on tlie trap-door 
bring it into position when no electrical force &cUf (the plates beii 
electrically connected), and by then removing the weights, allowing 
electrical force to act, and adjusting the plates at such a distance from 
one another, by the (ud of a micrometer screw, that the trap-door 
shall again be brought into position. Then, in equation (2), F, A, 
and D are known, and the difference of potentials V— V can be 
determined. In the absolute electrometer, the perforated disc k u 
uppermost, so that the direction of electrical attraction on the trap- 
door is similar to the direction of the gravitating force of the weighta 
The reverse arrangement is usually lulopted in the portable electro- 
meter, which we shntl ne .^t describe. In both instrumenta, the trsp- 
(ioor constitutes one end of a very light lever fi I of alumininm, 
balanced on a horizontal axis. 

469d. Portable Eleotrometer.— In the portahU eltclrovxcter (f^g& 
401 A, tin b) this axis ]>nsses verj- accurately through the centre (A 
gravity of the lever, the .suspension being effected by means of a fine 
' ^inum wire w u- tightly stretched, which ia secured at its centra 

the lever in such a manner that, when the trap-door comes ioto 

rition. the wire is under torsion tending to draw back the disc 
from the Attracting platv ij. Tliis torsion (except in so far aa it is 
•fleeted by causes of error such as t«m[terature and gradual loss of 
elMtieity) is always tlie same when the disc is in position, and as it 
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is to he bttlftnced in every observation by electrical attraction, the 
latter must also be always the same ; that is to say, tbe quantity F 
in equations (2) is constant for all observations with the same instru- 
ment; whence it is obvious that V_V' is directly proportional to D. 
the distance between the plates. The observation for difference of 
^{wtenUal therefore consists in altering this distance until the trap- 
r comes into position This is clone by turning the micrometer 



; by means of the milled head m. The divided circle of th? 
meter indicates the amount of turning for small distances, and 
utle revolutions are rea^l off on tlie vertical scale traversed by 
1 index carried by the arm d. The correct position is very 
mrately identified by means of two sights, one of them being 
iched to a fixed portion of the instrument, and the other to one 
I I of the lever. One of these sights moves up and down close 
I front of the other, and they are viewed through a lens o in 
nt of both. This arrangement is also adopted in the absolute 
rometer. 
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One of tlie two pa.rallel plates h in connected with the inner coat- 
ing of a Leyden jar,' which, being kept dry within by means of 
pumice p wetted with sulphuric acid, retains h auflicient charge for 
some weeks. The other plate g is in communication, by means of 
the spiral wire r, with the insulated umbrella c, which can be con- 
nected with any external conductor; and, in order to determine the 




poteDtiAl of any cunducbir which we wish to ex«niiue, two observa- 
lioDS «rv tftken, one of theui giving the difference of potential 
between this conductor and the Lej'deji jar. and the other the dif- 
lecenoe belwran thu twrtli and the jar. W0 thus obtain, by subtrao- 

'!!•«■«( lh>*L«rd« JM ti to Kin oMwtMMj u( (MtwuUL If nftcitj im ao nmdi 
(NrivAMthalat Ik* <Uk »{lk »l>kk M ta«MMM*l tiM Uk dM«ricitj *Uoh «Mms 
w im»^ a« UMiT la CB— iqM W i* 111 Dm ixtMotfY* xrtiM ol th. o4k« dwo a ns Mrfbli 
• «kik <&us^ >M>I prudttota no (MabW rhim n 




QUADRANT ELKL'TRUMBTl'.R. 595 

ion, the difference of potential between the conductor in question 
ftnd the earth. 

469b. Qaadrant Electrometer. — The most sensitive inatrument yet 

invented for tlie ineasuretoent of electrical potential is the quadrant 

electrometer, which is represented in frant view in Fig, WlC, some 

.of its principal parts being ehown on a larger scale in Figa. 401 D, 

|401iL 

In thb instrument, the part whose movements give the indicft- 

r tions is a thin Hat piece of aluminium u, narrow in the middle and 

I broader towards the ends, but with all corners rounded off This 

L]uece, which is called the needle, and is represented by the dotted 

■ line in Fig. 401 d, is inclosed almost 

jmpletely in wh-it may be described 

I a shallow cylindrical box of brass, 

mi into four quadrants, c, d, c d'. These 

} are shown in plan in Fig, 401 d, 

ind ia front view in Fig. 401c. The 

■'needle u is attached to a stiff platinum 

), which is supported by a silk fibre 

iboDging vertically. The same wire 

Ties a small concave mirror t {Fig. 

C) for reflecting the light from an 

Uuminated vertical slit. An image of 

llie&lit is thus formed at the distance of about a yard, and is received 

)On a paper scale of eqxial parts, by reference to which the move- 

Eiaents of the image can be measured. The movements of the image 

f depend upon the movements of the mirror, which are precisely the 

nme as those of the needle. We have now to explain how the 

novements of the needle are produced, 

One pair of opposite quadrants cc are connected with each other, 
md with a stiff wire I projecting above the case of the instrument 
%e other quadrants d d' are in hke manner connected with the other 
tojecting wire m. Tlie projecting parts I m are called the cfiie/ 
Ktrodes, and are to be connected respectively with the two con- 
I whose difference of potential ia required, one of which is 
matly the earth. Suppose the needle to have a positive charge of 
1, then if the potential of c and c' be higher (algebraically) than 
tofd and d'. one end of the needle will experience a force urgmg 
m cto d, and the other end will experience a force urging it 
J* to d'. These two forces constitute a co'iple tending to turn 
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the needle about a vertical axis. If tht- potential of c and c' be lower 
tlian that of d and d', the couple will be in the opposite direction. 
To prevent the needle from deviating too far under the action of 
this euuple, and to give it a definite position when there is no elec- 
trical couple iLcttng upon it, a small light magnet is attached to the 
back of tlie mirror, and by means of controlling magnets outside the 
case the earth's magnetism is overpowered, ho that, whatever position 
be chosen for the instrument, the needle can be made to assume the 
proper zero position. In some instruments recently constructed, the 
magnets are dispensed with, and a bifilar suspension is substituted 
for the single silk fibre. The permanent electrification of the needle 
ia attained by connecting it, by means of a descending platinum 
wire, with a quantity of strong sulphuric acid, which occujiies the 
lower part of the containing glass jar. The acid, being an excellent 
conductor, serves as the inner coating of a Leyden jar, the outside of 
tlie glass opposite to it being coated with tin-foil, and connected with 
the earth. The acid at the same time serves the puqjoso of keeping 
the interior of the apparatus very dry. The charge is given to the 
jar through the chai'ging eUctrodt p, whicli can be thrown into or 
out of connection at pleasure. As the sensibility of the instrument 
increases with the potential of the jar, a gauge and repUnisher are 
provided for keeping this potential constant The fjauge is simply 
HM "attracted-disc electrometer," in which the distance between the 
JitoUlvl discs is never altered, so that the aluminium square only ■ 
OMM into position when the potential of one of the discs, which is 
oonnected with the acid in the jar, differs by a certain definite amount 
from the pottrntial of the other, which is connected with the earth. 
A glanoe nt the gauge shows, at any moment, whether the potential 
of the jar lia» the normal strength. If it has fallen below thb point, 
the rrplftii«lter \s employed to increase the charge. 

This appHfHtut), which is »eparaU>Iy represented, dissected, in Fig. 
+01 K. and ia for simplicity omitted in Fig- 401c. consists of a vertical 
stem of ebonite s, whieh can l>e mpidlr twirled with the finger by 
mMuts of a millot head y. and which carries two metal wings or 
ttjiTtVrs, h. 6, in!*uUt4Hl from each otlicr. In one part of their revoln- 
tioo. thcae ix»m* in contact with two light steel springs //. whi<^ 
airoply serve to oonntvt them fv>r the instant with each other. lo 
another \\ATi of tJteir rvvolution, they come in contact with two 
other springs *■ ♦, wnnwte^l resjwctively with the acid of the jar and 
with tlie wftrth. The tlr«t of tltow ooot«^.-i Ukea pWe jitst befjB 
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R wings emerge from the shelter of the larger tnetalUc sectors or 
uctors a a, of which one is connected with the acid, and the 
otber with the earth. Suppose the acid to have a positive charge. 
Then, at the instant of contact, an 
inductive movement of electricity 
tokea place, producing an accumula- 
Uon of negative electricity in the 
carrier which ia next the positive 

t inductor, and an accnmulation of 
jK>8itive in the other. The next 
contacts are effected when the car- 
rier which liaa thus acquired a posi- 
tive charge is well under cover of 
the positive inductor, to which ac- 
cordingly it gives up its electricity, 
for, being in great part surrounded 

by this inductor, and being con- Pig, wii,— RiptMuiMr. 

^Loected witli it by the spring, the 

^BgWn'ier may be regarded as forming a portion of the interior (tf a 
^B^floncave conductor, and tlie electricity accordingly passes from it to 
^Hftiie external surface, that is to the inductor, and to the acid con- 
^^bwct«d with it, which form the lining of the jar. Tlie negative elec- 
^^nrii^ty on the other carrier is, in like manner, given off to the other 
^■■nductor, and so to the earth. 

^H The jar thus receives an addition to its charge once in every half- 
^Rpevolution of the repleniUier ; and, as these increments -are very small, 
^Hft is easy to regulate the charge so that the gauge shall indicate 
^Btttoctly the normal potential. If the charge is too strong, it can be 
^Hdiminished by turning the replenisher in the reverse direction. 
^V 469f. Cage-electrometer. — In another form of electrometer, which 
^H')U8 some advantages of its own, though now but httle used, the ob- 
^K9N^»'tioa for difference of potential consists in applying torsion to a 
^Vg^aes fibre until the needle (a straight piece of aluminium wire) which 
^^uk carries, is forced, against electrical repulsion, to assume a definite 
^^DOfiition markeil by sights. The repulsion, which acts upon the two 
^^Bnda of the needle so as to produce a couple, is exerted by two ver- 
^HttcsJ brass plates, which are connected with the needle by means of 
^HBue platinum wires dipping in sulphmic acid at the bottom of a 
^^Bteyden jar. The needle and the plates which repel it are thus at 
^^Hfae potential of the jar. The repulsion between them is modified by 
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the influence of a cage of brass wire, which surrounds them, and 
which is connected with the conductor whose potential is to be ex- 
amined. If this conductor has the same potential as the jar, there is 
no repulsion. If its potential- diflers either way from that of the jar, 
the couple of repulsion is proportional to the square of this difference 
of potentials.^ The difference of potential is therefore obtained by 
taking the square root of the number of degrees of torsion of the 
fibre. 

' In a given position of the needle, the quantities of electricity upon it and upon the 
plates which repel it are both proportional to this difference of potentials, and the distribu- 
tion is invariable. Hence (§ 420) the force of repulsion is proportional to the product of 
the two quantities, that is to the square of either of them. 
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470. BesembUnce of Lightning to the Electric Spark. — The resem- 
[ lilance of the effects of iiglitniiig to those of the electric spark struck 
i the miads of many of the early electricians. Lightning, in fact, 
I Tupturea and scatters non-conducting substances, intlaming those 
\ which are combustible; heats, reddens, melts, and volatilizes metals; 
L «nd gives shocks, more or less severe, and frequently fntal, to men 
I and animab; all of these being precisely the effects of the electric 
[• opark with merely a difference of Intensity. We may add that 
I Jigbtning leaves behind it a characteristic odour precisely similar to 
I that which is observed near an electrical machine when it is working, 
I and which we now know to be due to the presence of ozone. More- 
I over, the form of the spaik, its brilliancy, and the detonation which 
l attends It, all remind one forcibly of lightning. 

To Franklin, however, belongs the credit of putting the identity 
I of the two phenomena beyond all question, and proving experi- 
l' mentally that the clouds in a thunder-storm are charged with elec- 
Ltricity. This he did by sending up a kite, armed with an iron point 
Ir'with which the hempen string of the kite was connected. To the 
I'lower end of the string a key was fastened, and to this again was 
Lattached a silk ribbon intended to insulate the kite and string from 
litfae hand of tiie person holding it Having sent up the kite on the 
^approach of a storm, he waited in vain for -some time even after a 
^ cloud had passed directly over the kite. At length the fibres 

f the string began to bristle, and he was able to draw a strong spark 
I by presenting his knuckle to the key, A shower now fell, and, by, 
i wetting the string, improved its conducting power, the silk ribbon 
■.being still kept dry by standing under a shed. Sparks in rapid 
tion were drawn from the key, a Leyden jar was charged by it, 

ind a shock given. 
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Stiortly before this occurrence, Dalibard, acting upon a published 
suggestion of Franklin, had erected a pointed iron rod on tlie top of 
a house near Paris. The rod was insulated from the earth, and could 
be connected with various electrical apparatus. A thunder-storm 
having occurred, a great number of apaika, some of them of great 
power, were drawn from the lower end of the rod. 

These experiments were repeated in various places, and Richmatm 

^^ of St, Petersburg, while conducting aJi in- 

^■^^™^^^k^ vestigatioQ with an apparatus somewhat 

^mi^^Hf^ resembling that of Dalibard, received a 

^^^^^^^^1 spark which killed him on the spot 

^^^0^ 47-2- Electrio ChimeB. — Franklin devised 

1^^^^^ I an apparatus for giving warning when the 

I \ insulated rod is charged with electricitj. 

I Yj fc ^* consists (Fig. 402) of a metal bar, carry- 

I <^ ing three bells with two clappers between 

f^^ I them. The two extreme bells are hang 

I from the bar by metallic chains. The 

Wit. *M--K«trk cbUB-L middle one is hung by a silk thread, and 

connected with the ground. The clappers 
an also hung by silk threads. When the bar is electrified, the clap- 
pers are first attracted by the two extreme bells, and then repelled to 
the middle bell, through which they discharge themselves, to be 
again attracted Hnd repelled, thus keeping up a continual ringing as 
long as the bar remains electrified. 

473. Daration of Lightning. — It appears that thunder-clouds most 
be regarded as cJiAT^ed masses of considerable conducting pmwer. 
The discharges which produce lightning and thunder 
occur siimetinies between two clouds, and sometimes 
between a cloud and the earth. The duration of the 
illumination pt\>luoed by lightning is certainly leas 
tJi&u the ten -thousandth of a second. This has been 
estAblishe<l by observing a rapidly rotating disc (Fig. 
ttJU^ZntA. ***'"') divided into sectors alternately black and 
whit«. If viewed by daylight, the disc appears of a 
onifcwm gray; and if lightning, occurring in tlie dark, renders the 
sepamto sectors visible, the duration of its light must be teas than 
the time of revolving tlirough the breadth of one sector. The experi- 
Bcnt has htxn tried with a disc divided into 60 sectors, and making 
180 revolutions per second, so that the time of turning thnra^ the 
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■pace occupied by one sector is ^ of ^^ of a second/that is, ip^jj . 
When the disc, turning with this velocity, is rendered visible by 
lightning, the observer seea black and white sectors with gray ones 
between them. For the black and white sectors to be seen sharply 
de6Ded, without intermediate gray, it would be necessary tliat tlie 
illumination should be absolutely instan- 
taneous. 

476. Thunder. — Thunder frequently — -~ 
consists of a number of reports heard in 
succession. This can be ei:plained by sup- 
posing that (as in the experiment of the 
spangled tube, § 440) discharge occurs at 
several places at once The reports of 
these explosions will be heard in the 
order of their distance from the observer. 
If, for example, the lines of discharge form 
the zig-zag M N (Fig. 404), an observer 
at O will hear iiret the explosion at a, 
then, a little later, the tive explosions at m, n, r,8, t\ he will conse- 
quently observe an increase in the intensity of the sound 

477. Shock by InSnence. — Pei-sons near whom a flush of lightning 
passes, frequently experience a severe shock by induction. This is 
analogous to the phenomenon, first observed by Galvani, that a 
skinned frog in the neighbourhood of an electrical machine, although 
dead, exhibits convulsive movements every time a spark is drawn 
from the conductor. In like manner, if Volta's pistol (§ 443) be 

iced on the wooden supports of an electrical machine, and its knob 
connected with the ground by a chain, on drawing a spark from 
the machine, another spark will pass in the interior of the pistol, and 
it off 

478. Light ning;-condaotors. — Experience having shown that elec- 
tricity travels in preference through the best conductors, it is easy 

understand that, if a building be fitted with metallic rods termi- 
itJDg in the earth, lightning will travel through these instead of 
striking the building. But further, if these rods terminate above in 
a point, they may exercise a preventive influence by enabling the 
earth and clouds to exchange their opposite electricities in a gradual 
way, just as the conductor of a machine is prevented from giving 
powerful sparks by presenting to it a sharp point connected with the 

th. 
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While the eleclrical macMiie is working powerfully, and the quad- 
rant electroscope shows a strong charge, let a pointed metallic rod be 
presented, as in Fig. 405; the pith-ball will immediately fall back to 
tbe vertical position, and it will be found impossible to draw a spark 




Fig. lOi.— CoDduclot Dlichuged bj prtKnlliii a Point. 

from any part of the conductor. If the experiment is performed in 
the dark, the point will be seen to be tipped with light; and a similar 
appearance is sometimes observed on the tops of lightning-rods and 
of ships' masts. In the latter position it is known to sailors as 8t 
Elvw'ajire. 

479. Constmetion of Lightning-condnetors. — A badly constructed 
lightning-conductor may be a source of danger, instead of a protec- 
tion. The following conditions should always be complied with : — 

1. The connection with the ground should be continuous. 

2. The conductor must be everywhere of so large a section that it 
will not be melted by lightning passing through it. The French 
Academy of Sciences recommend that the section for iron rods should 
be nowhere less than 2'25 centimetres, or ^ of an inch. 

3. The earth contact must be good. Tlie conductor may be con- 
nected at its base witii the iron pipes which supply the neighbour- 
hood with water or gas; or it may terminate in the water of a well 
or pond. Failing these, it should be provided with branches travers- 
ing the soil in different dii-ections, and surrounded by coke, whidi is 
a good conductor. 

4. At no part of its course above ground should it come near to the 
metal pipes which supply the house with water or gas, nor to any 
large masses of metal in tlie house. All lai^ masses of metal on the 
outside of the house, such as lead rooting, should be well connected 
with the conductor 
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5. The extreme point ahoiild be sharp. A former commission of 
the Academy recommended a platinum point, which should be con- 
nected with the iron by welding. But as this 
construction is both difficult and expensive, 
later directions have been issued recommendiug 
a gilded copper cone, screwed on to the iron, as 
shown in Fig, 407. whicli ia half the actual size. 
This form of termination is better than a needle 
point, because less liable to fusion. 

The general arrangement is represented in 
Fig. 406. The rod has a diameter of 2 or 3 
inches at its base, and giiidually tapera upwaids 
to the place where the point is screwed on. The 
descending portion b is connected with the base 
of this rod by the broad band IV. 

480. Oidinary Electricity of the Atmosphere. 
- — The presence of electricity in the upper re- 
gions of the air is not confined to thunder- 
clouds, but can be detected at all times. In 
fine weather this electricity is almost invariably 

I positive, but in showery 

or stonny weather negor 
tive electricity is as fre- 
quently met with as posi- 
tive; and it is in such 
weather that the indica- 
tions of electricity, whe- 
ther positive or negative, 
are usually the strongest. 
480 a. Methods of ob- 
taining Indicationa. — One 
of the early methods of ob- 
Kt-rving atmospheric elec- 
tricity consisted in shoot- 
ing up an arrow, attached ^ ^^^ -gmia courm 
to a conducting thread, P'""' 

having at its lower end a 
ring, which was laid upon the top of a gold-leaf electroscope. As the 
arrow ascends higher, Hie leaves diverge more and more with elec- 
tricity of the same sign as that overhead ; and they remain diverg- 
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ent after the ring has been lifted off by the movement of the 
arrow. 

, instead of the arrow, a point on the top of the electro- 
scope is employed to collect electricity from 
tlie air, as in Fig- 408, Both these methods 
are very uncertain in their action. 

A better method of collecting electricity 
from the air was long ago devised by Volta, 
who employed for this purpose a burning 
match attached to the top of a rod connected 
with the gold-leavea or straws of his electro- 
scope. If there is positive electricity over- 
head, its influence causes negative electricity 
to collect at the upper end of the rod, whence 
it passes off by convection in the products of 
combustion of the match, leaving the whole 
conducting system positively electrified. In 
like "manner, if the electricity overhead be ne- 
gative, the system will be left negatively elec- 
trified. 

Another metliod which, in the hands of Pel- 
Mtr^mewr™' " tier, Quetelet, and Dellraann, has yielded good 
results, consists in first exposing, in an elevated 
1 such 0^ the top of a house, a conducting ball supported on 
aa insulating stand, and, while exposed, connecting it with the earth; 
then insulating it, and examining the charge 
which it has acquired. This charge, being ac- 
quired from the earth by the inductive action of 
the electricity overhead, is opposite in sign to the 
inducing electricity. 

Another method, 

which in principle re- 
sembles that of Volta, 
but is speedier in ita 
action, has been intro- 
duced by Su- W. Thom- 
son. It consists in al- 
lowing a fine stream of 
^otn an insulated metallic vessel, through a pipe, 
jh an open window or other aperture in tb» 
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Eof a bouse, bo that the nozzle from which the water flown is in 
open air. The apparatus for this purpose, called the water- 
dropping collector, is represented in Fig. 408a, a is ft copper can, 
containing water, wltich can be discharged through the brass pipe b 
hy turning a tup. Tlie mode of insulation is worthy of notice. The 
1 is supported on a glass stem c, which is surrounded, without cou- 
rt, by a ring or rings of pumice dd, moistened with siilplmric acid. 
e are protected by an outer case of brass ee, having a Iiole in its 
j) rather larger than the glass stem, the brass being separated from 
lie moist pumice by an inner case of gutta-percha. The acid needs 
mewal about once in two months. 

In severe frost, burning matches can be used instead of water. 
; are found to give identical indications. Whether water or 
BmLtch be used, the principle of action* is that, as long as any differ- 
e of potential exists between the insulated conductor and the point 
' the air where the issuing stream (whether of water or smoke) 
I to be one continuous conductor, and begins to be a non-con- 
tactor or a succession of detached drops, so long will each drop or 
tortion that detaches itself carry otf eitlier positive or negative elec- 
city, and thus diminish the difference of potential. This is an 
ipplication of the principle of Jj 445 B. that electricity tends to travel 
rom places of higher to places of lower potential. The time required 
9 reduce the system to the potential which exists at the point above 
iiied, is practically about half a minute with the water- jet, and 
1 half a minute to a minute or more, according to the strength of 
B wind, with a match. 

The water-dropper is the most convenient collecting apparatus 
. the observations are taken always in the same place. For 

L An article by Sir W. Thonuoti puts the matter vei7 

in elevated coailuctor. fint belonging to the earth, to be- 

.o throw olt, and to continne tlirowing off, portion* from 

n expaaed part of ita mirfBce. thia part of ita surface will quickly be reduced to a state of 

l» daotrification, and the whnle conductor will be brought to such a potential aa will allow 

I to ramain in electrical equilibrium in the ur, with that portion of its Burface neutraL 

Tonlii, the potential throughout the insulated conductor iB brought to be the awne 

ll d[ the particular equi- potential aurface in the air, wbich paaaea through the punt 

Mh from which matter breaka away. A flanu!, or the heated gas paaaine tiom a burning 

li, doei precisely thia: the flame itaelf, or the liigbly heated gaa close to the match, 

g m oonduetor which la coDntoutly extending out, and gradually becomiug a non-con. 

The drops [into which the jet from the watei^dropper breaks] produce the aanie 

I, with more pointed decision, and with more of dynamical energy to remove the re- 

er, with the electricity which it carries, from the neighbourhood of the fixed 

— NiehoTi Cgclopadia, second edition, art "Eleetrioity, Atmoapberio." 
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purtable service, Sir Wm, Thomson employs blotting-paper, steeped 
1 solution of nitrate of lead, dried, and rolled into matches. The 
portable electrometer carries a light brass rod or wire projecting up- 
wards, to the top of which the matches can be fixed. 

480b. Interpretation cf Indications. — We have seen that the col- 
lecting apparatus, whether armed with water-jet or burning match, 
is merely an arrangement for reducing an insulated conductor to the 
potential which exists at a particular point in tho air An electro- 
meter will then sliow us the difference between this potential and 
that of any other given conductor, for example the earth. The earth 
offers so little resistance to the passage of electricity, that any tem- 
porary difJerence of potential which may exist between different 
parts of its surface, must be very slight in comparison with the dif- 
ferences of potential which exist between different points in the non- 
conducting atmosphere above it. As there is no possible method of 
determining absolute potential, since ail electric phenomena would 
remain unchanged by an equal addition to the potentials of all points, 
it is convenient to assume, as the zero of potential, that of the moat 
constant body to which we have access, namely the earth ; and under 
the name earth we include trees, buildings, animals, and all other con- 
ductors in electrical communication with the soil. 

Now we find that, as we proceed further from the earth's surbee, 
whether upwards from a level part of it, or horizontally from a verti- 
cal part of it. such as an outer wall of a house, the potential of poinbs 
1 tlie air becomes more and more different from that of the earth, 
the difference being, in a broad sense, simply proportional to the dia- 
tanco. Hence we can infer' that there is electricity residing on the 
AUrfaco of the earth, the density of this electricity, at any moment, 
the locality of observation, being measured by the difference 
of jKitential which we find to exist between the eaith and a given 
point in the air near it. Observations of so-called atmospheric elec- 
tricity* made in tlie manner we have described, are in fact simply 
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' N« pKol ■l»ntrio»l obsarvtttions have yet been made in ballonBB, and very little u 
kutw> ntf*nllti|t Uw HlitribuUon of electricity at different lioi^'lits in the air, A method 
•d 4«U)|Um thU iKatrihutluii by balloon nbscrvnti una iianf^gestecl by the pnnciplceof ^4460, 
«kt¥h ilk'* thak whvD Uie IJnea of force are TerticsJ, and the tube* of force consequeiitlT 
pbtitt'-alL ^ JiHWetiOa ol eleotrical force at different h«ghta i« proportional to tb» 
tuwiWVi vl •Wvtnwty whiuh lie* between them. 
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IterminatioDS of the quantity of electricity residing on the earth's 
rfece at the place of observation. The results of observations so 
made are however amply sufKcient to show that electricity residing 
in the atmosphere is really the main cause of the variations observed. 
A diarged cloud or body of air induces electricity of the opposite 

Ikind to its own on the parts of the earth's surface over which it 
.passes; and the variations which we 6nd to occur in the electrical 
density at the parts of the surface where we observe, are so rapid and 
considerable, that no other cause but this seems at all adequate to 
account for them. We may tlierefore safely assume that tiie difFer- 
e of potential which we find, in increasing our distance from the 
rib, is mainly due to electricity induced on the surface of the earth 
Y opposite electricity in the air overhead. 

Ab electricaJ density is greater on projecting parts of a surface than 
1 those which are plane or concave, we shall obtain stronger indica- 
piotis on hills than in valleys, if our collecting apparatus be at the 
e distance from the giound in both cases. Under a tree, or in 
jDy position excluded from view of the sky. we shall obtain little or 
effect 
480c. BeanltB of Observatios. — The only regular series of observa- 
tions which have as yet been taken' with Sir Wm. Thomson's instru- 
ments, consist of two years' continuous observations with self-recording 
, l^paratus at Kew Observatory; and two years' observations, at three 
liftated times daily, and at other irregular times, at Windsor in Nova 
ftScotia (lat. 45° N.) The electrometer used at Kew was an earlier 
f, form of the quadrant electrometer already described ; and the auto- 
I graphic registration was effected by throwing the image of a bright 
I point (a small hole with a lamp behind it) upon a sheet of photo- 
I'graphic paper drawn upwards by clock-work, whereas the movements 
Ti of the image, formed by means of the mirror attached to the needle, 
f were horizontal The curves thus obtained give very accurate infor- 
tion respecting the potential of the air at the point of observation, 
I when of moderate strength ; but fail to record it when of excessive 
t Btrength, as the image on these occasions passed out of range. The 
I "Windsor observations were taken with the cage-electrometer, of 
|"Vbich two forms were employed, one being much more sensitive than 

' The oburvatiaiu at Windaor, N.S,, *n4 At Kev, ara deecribed in three papers by the 
[<aditor of llu» work, Proe. R. S., June 1863. January 1866, and Traat. R. S., Decvtiibsr 
I 1807. DellmuiD's obBorvatiaiu at Kreuzumcli, which ware taken with apparntuB devised 
L^ hinueir, are described in Phil. Hag. Jnne 1S5S. Quetelet's obeervations {token with 
^^Uliet'* ^panttu) are desoribod in hit voluma Sur U Clitnal d» la Rtlgiqut (BnuseLi, I84&)- 
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tJie other. The more sensitive form waa usually employed. When 
tiie potential became inconveniently strong, the first step was to 
shorten the discharging pipe by screwing off some of its joints, Thia 
reduced the strength of ^Kibentinl in about the ratio of 3 : 1 ; but even 
this reduction was often not enough for the more serimtive instru- 
ment, and on such occasions the other {which was intended aa a port- 
able electrometer) was omployed instead. As the ratio of the indicor 
tions of the two instruments was known, a complete conipariaon of 
potentials in all weathers was thus obtained Tiie results are as follows. 

Employing a unit in terms of which the average tine-weather 
potential for the year was +4, the potential was seldom ao weak aa 
1 , though on rare occasions it was for a few minutes as low as 0*1. 
in wet weather, especially with sudden heavy showera, the potential 
was often as Strang as +20 to +30, and it was fully as strong 
during hail. With snow, the average strength was about the same 
as with heavy rain, but it was less variable, and the sign was almoat 
always positive. Occasionally, with high wind accompanying snow, 
during very severe frost, it was from +80 to + 100. or even higher. 
With fog, it was always positive, averaging about +10. In thunder^ 
storms it frequently exceeded +100, and on a few occasions ex- 
ceeded — 200. There was usually a great predominance of negative 
potential in thunder-storma Change of sign was a frequent accom- 
paniment of a flash of lightning or a sudden downpour of rain. At 
all times, there was a remarkable absence of steadiness as compared 
with most meteorological phenomena, wind-pressure being the only 
element whose fluctuations are at all comparable, in magnitude and 
suddenness, with those of electrical potential Even in fine weather, 
its variations during two or three minutes usually amount to as much 
as 20 per cent. In changeable and stormy weather they are much 
greater; and on some rare occasions it changes so much from second 
to second that, notwithstanding the mitigating effect of the collecting 
process, which eases off all sudden changes, the needle of the electro- 
meter is kept in a continual state of agitation. 

480d. Annual and Diurnal Variations. — Observations everywhere^ 
concur in showing that the average strength of potential is greater in 
winter than in summer; but the months of maxima and minim* 
appear to differ considerably at different places. The chief maximum 
occurs in one of the winter months, varying at different places from 

' The Tcmu'lu in tbu Kctioii eiprsH the r»ulU of Db«erv>tioa kt pUoea kQ of whioh mre 
in the north temperate lone. 
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tte beginning to the end of winter; and the chief minimum occurs 

everywhere in May or June. Both Kew and Windsor show dis- 

L tinctly two maxima in the year, but fimssels, and apparently 

I Kreuznach, show only one. The ratio of the liighest monthly aver- 

'•ge to the lowest is at Kew about 2-5, at Windsor 1-9, and at 

Kreuznach S'O. 

The Kew observations, being continuous, are specially adapted to 
throw light on the subject of diurnal variation. They distinctly in- 
dicate for each month two maxima, which in July occur at about 
8 A.M. and 10 p.m., in January about 10 A.U. anil 7 r.M., and in 
epriiig and autumn about 9 and 9. The result of the Brussels obser- 
vations ia about the same, 

481. Causes of AtmoBpheris Electricity. — Various conjectures have 
been hazarded regarding the sources of atmospheric electricity; but 
little or no certain knowledge ha-t yet been obtained on this subject 
Evaporation has been put forward as a cause, but, as far as laboratory 
- «xpeHments show, whenever electricity has been generated in connec- 
tion with evaporation, the real source has been friction, as in Arra- 
rong's hydro- electric machine. The chemical processes involved in 
■"vegetation have also been adduced as causes, but without any suBi- 
cient evidence. It ia perhaps not too much to say that the only 
latural agent which we know to be capable of electrizing the air is 
ihe friction of solid and liquid particles against the earth and against 
fi other by wind. The excessively strong indications of electricity 
(Obfierved during snow accompanied by high wind, favour the idea 
ifaat this may be an impoiianb source. 

Without knowing the origin of atmospheric electricity, we may. 
Jlowever, give some explanation of the electrical phenomena which 
!ur both in showei-s and in thunder-storms. Very dry air is an 
ixcellent non-conductor; very moist air has, on the other hand, con- 
^derable conducting power. When condensation takes place at 
several centres, a number of masses of non-conducting matter are 
transfonned into conductors, and tlie electricity which was diffused 
through their substance passes to their suriaces. These separate con- 
ductors influence one another. If one of them ia torn asunder while 
under influence, its two portions may be oppositely charged; and if 
run falls from the under surface of a cloud which is under the in- 
> of electricity above it, the rain which falls may have an 
ipposite charge to the portion which is letl suspended. 
The coalescence of small drops to form large ones, though it in- 



ATMOSPHERIC ELECTRIClTr. 

ereaaes the electrical density on the surfaces of tlie drops, does not 
increase the total quantity of electricity, and tlierefore (§ 445 K) cannot 
directly influence the observed potential. 

Thunder-storms and other powerful manifestation a of atmospheric 
electricity seem to be accomf>animent3 of very sudden ajid complete 
condensation which gives unusually free scope to the causes of 
irregular distribution just indicated. 

483. Hail. — Hail has sometimes beep ascribed to an electrical 




wigin, and a singular theory was devised by Volta to account for 
the supposed fact that hailstones are sustained in the air. He 
imiigined tiiat two layers of cloud, one above the other, charged with 
e electricities, kept the hailstones continually moving up and 
I bjr alternate attraction and repulsion. An experiment called 
t haii is sometimes employed to illustrate this idea. Two 
be fhtes are employed (Fig. 409), the lower one connected with 
Mk,citd tlie upper one with the conductor of the electrical 
^ ad [dtb-balls are placed between tiiem. As the machine 
^^ fiu Wis fly rapidly backwards and forwards from oda 
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485. MigaetR, Nstaral and Artificial. — Natural magnets, or to^ 
atones, are exceedingly rare, although a closely allied ore of iron, 
capable of being strongly acted on by magnetic forces, and hence 
called magnetic iroit-orv, is found in lat^ quantity in Sweden and 
elsewhere. Artificial magnets are usually pieces of steel, which have 
been permanently endowed with magnetism by methods which we 
shall hereafter describe. Magnets are chiefly cliai-acterized by the 
property of attracting iron, anil by the tendency to assume a par- 
ticular orientation when freely suspended. 

486. Force Qreatest at the Ends. — The property of attracting iron 
is very unequally manifested at different i»tnts of the surface of n. 
magnet If, for example, an ordinary bar-magnet be plunged in 

iron-filings, these cling in large 
<|uantity to the terminal portions, 
and leave the middle bare, as in 
the lower diagram of Fig. 411. If 
the magnet is very thick in pro- 
portion to its length, we may have 
filings adhering to all parta of it, 
but the quantity diminishes rapid- 
ly towards the middle. The name 
poUs is used, in a somewhat loose sense, to denote tiie two terminal 
portions of a magnet, or to denote two points, not verj- accurately 
defined, situated in these portions. The middle portion, to which the 
filings refuse to adhere, is called ti^utraK 

467. Lines Formed by FilingB.— If a sbert of card is laid horixon- 
tally upon a mi^net. and wrought-irvn filings at* sifted over it, tbeae 
will with the assistance of a few upa given to the caid. anange 
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themselves in a syBtem of curved lines, aa shown in Fig. 412. These 
8 give very important imlicatioria botli of the Jirection and inten- 
Bity of the loroe prodiieed by the magnet at different points of the 
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space around it.^ Tliey chister very closely about the two poles p p, 
Knd thus indicate the places wliere the force is most intense 

488, Carve of Intenaities. — Some idea may be obtained of the rela- 
tive intensities of magnetic force at different points in the length of 
magnet, by measuring the weights of iron which can be supported 
at them. Much better determinations can be obtained either by the 
use of the torsion-balance, or by counting the number of vibrationa 
made by a small magnetized needle when suspended opposite diff'erent 
parts of the bar, the bar being in a vertical position, and the vibra- 
tions of the needle being liorizontaL The intensity of the force is 
nearly as the square of the number of vibrations; on the same prin- 
ciple that the force of gravity at different places is proportional to the 
square of the number of vibrations of a pendulum (§ 47). Both these 
methods of determination were employed by Coulomb, who was the 
first to make magnetism an accurate science; and the results which 
he obtained are represented by the curve of intensities AMB (Fig- 
413). M is the middle of the bar. O one end of it, and the ordinates 

' Ttn tines formed by theliliiij^ may becalleil the linet itS tftetivt farce for pariicta onlj/ 
frit 1(1 mint in Iht plani of Ikt eard. Tbe lines nf toUl force cut the can! Bt i-uioui 
Miglea. sod are aX some places perpendicular tu it, aa shoWD by the filings st&niiiDg on etii). 
Tot (he defimtiun of Unea uf magnetic force, see g 194 K. 
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of the curve (that is, the distances of its points from the line OX) 
represent the intensities of force at the different points in its length. 
The curve was constructed from nl isi-ivations of the force at several 
points in the length; but in 
dealing with the ohserva- 
tion made opposite the very 
end, the force actually ob- 
Berveij was multiplied by 2. 
— - Perfect symmetry was found 
between the intensities over 
the two halves of the length. 
Pif. til -I'ur lummi.-. In tlie figure we have in- 

verted the curve for one 
Imlf, in order to indicate an opposition of properties, which we shall 
shortly Lave to describe, Tlie curves of intensities for two magnete 
of different sizes but of the same form are usually similar. 

489. Uagnetic Needle. — Any magnet freely suspended near ita 
centre is usually calletl a viagnetui 
needle, or more properly a magne- 
tized needle. One of ite mi»t usual 
forms is that of a very elongated 
rhombus of thin steel, having, very 
near its centre, a concavity or cup 
by means of which it can be Ital- 
anced on a point When it is thus 
balanced horizontally, it does not, 
lilte a piece of ordinary matter, re- 
main in equilibrium in all azi- 
muths,' but assumes one particulai- 
dirw;tion, to which it always comes 
back after displacement In this 
jiciition of stable equilibrium, one 
Ki* ttt.-ii>c»UHd Nndift of its ends points to magnetic north, 

and the other to magnetic south, 
which differ in geneml by several iK^grees from geographical (or 
true) north and w>uth. This is the princijile on which conifjassea are 
oonstrticted. 

' AU liiH ill IW -nil. "rtiml |Jmii» in wi,! t., 1,.,^ Oi.- Munr aiim^lA. Anmutlud 
aoffim tn mi(Im Ivtuncn vnrtinl i.l»n«s .* l..-i«„n k-riMntAl lint* The uunDth ol ■ 
liaa wheo (Ulwl nonMnuktly. la thr ut^'lt' nhii 
witka T«itk«l pUni-of n>t<'rrni>>. itnil t!>i> !■ 
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^^B 490. Declination. — The diSereace betweea magnetic and true north, 
^^Bor the aogle between the magnetic meridiau and the geographical 
^^ meridian, ia called magnetic declination.' It ^ 

is very different at different places, and at 
a given place undergoes a gradual change 
from year to year, besides smaller changes, 
backwards and forwards, which are continu- v 
ally taking place. At Greenwich, at the pre- 
sent time, its value is about 20" \V., that is, 
magnetic north is west of true north by this 
amount For the British Isles generally its 
value is from 20° to 30" W, fie, us— D«iibMioM 

491, Inclination or Dip. — If, before mag- 
netizing a needle, we mount it on an axis passing through its centre 
J of gravity, and support the ends of the axis, as in Fig. 416, by a 
\ thread without torsion, the needle will remain in equilibrium in any 
sition in which it may be placed. If it be then magnetized, it will 
Jbo longer be indifferent, but will 
lace itself in a particular vertical 
plane called the magnetic meri- 
, and will take a particular 
wtion in this plane. This di- 
i not horizontal, but in- 
E^clined, generally at a considerable 
\ angle, to the horizon; and this 
. angle is called dip or incliTui- 
' tion. Its value at Greenwich is 
L about 67°, the end which points 
L,to the north pointing at the same 
■^me downwards. In the north- 
KCm hemisphere generally, it is the 
r&orth end of the needle which 
dipa, and in the southern hemi- 
sphere it is the end which points 
flonlh. 

I 9anM rsadelB nay be glad ta be remiDded tbkt by the plane oE Uie m 

nttieil pUue punng thraugh the plane of ntservation, mnd througli or panllel to Ibe 

earth'* aiii. A horizontal line in thii plane U a meiidian line. The magnttie neraiian ia 

the vertical plane in whiuh a matpietiied needle, when freely suspended, teuda to place itself. 

' The nautical name for magnetic declination is variali-m : but it is most inconTenient 




mod confnidiig to denote the element itielf by the h 
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It follows tliat, if a magnetized needle Ib to be balanced in a hon- 
zoutal position, the point or axis of support must not be in the same 
vertical with the centre of gravity, but must be between the centre 
of gravity and the end which tends to dip. Needles thus balanced, 
as in the ordinary mariner's compass, are called decUiiatityn needles. 

49S. Hutaal Action of Poles. — On presenting one end of a magnet 
to one end of a needle thus balanced, we obtain either repulaon of 
attraction, according as the pole which is presented is similar or dis- 
similar to that to which it is presented. Poles of contrary nam* 
attract each otiier; polea of the savie name repel each other. 

This property furnishes the means of distinguishing a body wliicb 
ia merely rao^etic (that is, capable of temporary magnetization) from 
a permanent magnet The former, a piece of soft iron for example, 
is always attracted by either pole of a magnet; while a body which 
has received permanent magnetization has, in ordinary cases, two 
poles, of which one is attracted where the other is repelled. Mag- 
netic attractions and repulsions are exerted without modification 
througli any body which may be interposed, provided it be not 
magneticu 

49Sa. HameB of Poles. — The phenomena of declination and inclina- 
tion above described, evidently require us to regard the earth, in a 
broad sense, as a magnet, having one pole in the northern and the 
other in the aoutttern hemisphere. Now since {lolea which attract 
one another are dissimilar, it follows that the magnetic pole of the 
earth which is situated in the northern hemisphere is digsimilar to 
that end of a magnetized needle which points to the north. HencA 
great confusion of nomenclature has arisen, the nsage of the beet 
writers being opposite to that which generally prevails. We shall 
call that end or pole of a nee<lle which seeks the north, the narth- 
, tKekintf end or pole, and the other the south- seeking end or pole. 
Sir Wm- Thomson calls the north-seeking pole the south pole, and 
the other the nurtft pole, l>ecause the former is similar to the south, 
and the latter to the north pole of the earth. In tike manner moet 
Fivnch writers call tho north-seeking pole of a needle the uH^tral, 
and the other the boreal pol& Popular usage in this country calls 
the nortli-seeking end the north, and the other the south pole, a 
nomenclature which introduces great confusion whenever we have 
to reason rvs|^)ecting tlie enrtli rqj&rded as a mi^;net. Faraday, to 
avoid tile ambiguity whiclt has attaclied itself to the names north 
and south [xUe. <^ls the north-seeking end tlia marked, and die otlier 
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Birhfd pole. Airy, for a similar renaon, employs, in his recent 
on Magnetiani, tlie distinctive ntuues -red and hl\ie to denote 
respectively the north-aeeting and south -seeking ends, these names, 
aa well as those employed by Faraday, being purely conventional, 
and founded on the custom of marking the noi-th-seeking end of a 
magnet with a transverse notch or a apot of red paint Maxwell and 
Jenkin, in a report to the British Association,' call the south-seeking 

pole of a needle j)osi(/ff, and the north-seeking pole iicfjafive. 

^^ 493. Ma^etic Induction.- W'Ik'h :i ]-u-n- <>{\n.u v- in r-Miiia.-t with 



ft magnet, or even when amagnet is simply brought near it, it becomes 
I itself, for the time, a magnet, with two poles and a neutral portion 
I "between them. If we scatter filings over the iron, they will adhere 
L to its ends, as shown in Fig, +17. If we take away the influencing 
I nagnet, the filings will fall off, and the iron will retain either no 
I .traces at all or only very faint ones of its magnetization. If we apply 
I jriniilar treatment to a piece of steel, we obtain a result similar in 
I some respects, but with very important differences in degree. The 
I <teel, while under the influence of the magnet, exhibits much weaker 
I effects than the iron ; it is much more difHcult to magnetize tlian iron, 
F and does not a^lmit of being so powerfully magnetized ; but, on the 
* other hand, it retains its magnetization after the influencing magnet 

baa been withdrawn. This property of retaining magnetism when 

once imparted has been (somewhat awkwarfllyj named coercive force. 

Steel, especially when very hard, possesses great coercive force; iron, 

especially when very pure and soft, scarcely any. 

In magnetization by influence, which ia also called magnetic 

induction, it will be found, on examination, that the pole which ia 

^ neat the inducing pole isof contrary name to it; and it is on account 

f the mutual attraction of dissimilar poles that the iron is attracted 

' Etport o/Eltclrical Standardi ConmUlte, Appeodii C. 1803. 
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^H by the magnet The iron can, in its turn, support a second piece of 
^^■^ iron; this again can support a third, and so on through manj steps. 
^^H ^^^ A magnetic chain can thus 

^^1 ^^^^ be formed, each of the com- 

^ _— -^^H ponent pieces having two 

^^^^^^^^ /^'"'''^^^^^^k 'polea. An this 

^^^^^^^H j^' JMjj^^^^^K kind takes place in the clua- 

^^^^^^^r jT .i^^^^^^^Km ^^^ '^^ filings which attach 

^^^P /^ -^^//t^K^^K^ themselves to one end of a 

^^H vv J^^^^^^ ^Bfl magnetized bar, these clus- 

^^H ^^L\^^B^^^ ^H ^'^ being composed of mi- 

^V ^^^^^ ^^r^ ^^w merous chains of filinga 

^H i^^^^^Bl^B M ^^ comparing the pheno- 

^K ^^^^^^^^^^L % mena of magnetic induction 

^^^^^^^^^9 ffl with those of electrical in- 

^^||^^^^^ T duction, we find both points 

I of resemblance and points 

I of difference. In the case of 

electricity, if the inSuenc- 
ing and influenced body 
are allowed to come in contact, the former loses some of its own 
charge to the latter. In the case of magnetism there is no such loaa, 
a magnet after touching soft iron is found to be as strongly magnet- 
izetl as it was before. 

494. Effect of Bnpture on a Uagnet. — If a magnet is broken into 
any number of pieces, every piece will be a complete magnet with 



1 
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poles of its own. In the case of an ordinary bar-magnet or needle, 
the similar poles of the pieces will all be turned the same way, as in 
Fig. 419, which represents a magnet AB broken into four pieces. 
The ends a, a, a, a are of one name, and the ends b. b. b, b of the 
opposite name. 

494 a. Imaginary Magnetic Plaids: Magnetic Potential. — All mutual 
forces between magnets can be reduced to attractions and repulsions 
between diflerent portions of two imaginary fluids,' one of which 
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may be called positive and the otiier negative. Neither fluid can 
exist apart from the other; every magnet possesses equal quantities 
of both ; quantity being measured by force of attraction or repulsion 
at given distance, just as in the case of electricity, like portions 
repelling, and unlike portions attracting each other inversely as the 
ttcjuare of the- distance. Equal quantities of the two Buids, when 
coexisting at the same place, produce no resultant effect, and may 
be regarded as destroying each other. 

With reference to these imaginary fluids, magnetic pote7itial can 
be defined in the same way as electrical potential, and magnetic Ihiee 
*^ force possess the same properties as electrical lines of force f§ 445 A 
— 445 k}. The direction of magnetic force at a point can either be 
defined as the direction in which a pole of a magnet would be ui-ged 
if brought to the point, or as the direction in which a small magnefe- 
1 needle, if brought tothe point and balanced at its centre of 
■avity, would place its line of jwles; and lines of magnetic force sure 

Jfines to which this direction is everywhere tangential It is impor- 

I'tont to remark that a linear piece of soft iron, though it sets ite 
tngth along a line of force, does not travel along a line of force, but 

■" deviates towards the concave side. This is easily shown by tapping 
the card represented in Fig. 41 2, It will be fomid that filings placed 
on the line tr m move along that line, and therefore at right angles 
to the lines of force. The force which is specified by magnetic " lines 

[ of force" ia the force which one pole of a permanent magnet would 

I experience; and it is the same in intensity, but opposite in direction, 
fbr dissimilar poles. 

494b. Specification of Magnetization. — A piece of steel is said to be 
uni/orvily -magnetized, if equal and similar portions, cut in parallel 

' directions from all parts of it, are precisely alike in their magnetic 
properties. 

If a piece of magnetized steel be suspended at its centre of gravity, 

I BO as to be free to tui-n all ways about it, the effect of the earth's 
magnetism upon it consists in a tendency for a particular line, through 
this centre of gravity, to take a determinate direction, which is the 
direction of terrestrial magnetic force. When the line is placed in 
any other position, the couple tending to bring it back is propor- 

I Ibair action. Sir W. Thomson. aroiiJing the hjpflhetical purta of Foiuon's theory, apeaks 
t •fif teajrinory magnttie mattir of two diaaimilar kiiuli. Ws hare retiunBil the more familiar 
K VtaBBJbtid, limply because it ii more oonvenient to ape&k oi tico fiuidt than of two Hiuti 
IB to be Dated that we cannot apeak at two mo^ncfunu, the name m 
been already appropriateil in a different aenxe. 
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tiona] to the eine of the angle between tUe two positiona, and is tlie 
same for all directions of deviation. The line which possesses this 
property is the Tnoffnetic axis of the body, and the name is sometimes 
given to all lines parallel to it. If the piece of steel be uniformly 
magnetized, this axis is the direction of magnetization; or the direc- 
tion of irMgnetisation is the common direction of all tiuise Una 
uAicA tend to place themaelvea along lines of form in a field' where 
the lines of force are pai'allel. 

494 c. Ideal Simple Magnet: Thin Bar, uniformly and lon^itudiasUy 
Magnetized, — Tlie mutual actions of magnets admit of very accurate 
exi>ression when the magnets are very thin in comparison with their 
lengtii, uniform in section, and unifoimly magnetized in the dii'ec- 
tion of their length. Such bars, which may be called siviple tnagneU, 
behave as if their forces resided solely in their ends, which may there- 
fore in the strictest sense he called their poles. The two poles of any 
one such bar are equal in strength ; that is to say, one of them attracts 
a pole of another simple magnet with the same force with which the 
other repels it at the same distance. In the language of tlie two- 
fluid theory, the two fluids destroy one another except at the two 
ends, and the quantities which reside at the ends are equal but of 
opposite sign. Tlie same number which denotes the quantity of fluid 
at either pole, denotes the strength of the poU, or, as it is often called, 
the strength of the ■magnet. Ita definition is best expressed by saying 
that the force between a pole of one simple magnet and a pole of 
another, is the product of their strengths divided by the square of 
tlie distance between them.' 

The force which a pole of a simple magnet experieuces in a mag^ 
netic field, is the product of the strength of the poU and the mientnity 
of the field. This rule apphes to the force which a pole experiences 
from the earth's magnetism, the intensity of the field being in this 
caBe the intensity of terrestrial magnetic force ; and, from the uni- 
formity of the field, the forces on the two poles are in this case equal, 
constituting a couple, whose arm is the line joining the poles multi- 

' A iild offarrt u »ny region of (pace tnvencd by lines of foroe ; or, in other wordt, 
uiy Ki^on pervadad by force of kttncuon or repulson. A nagniHe fitld ii mi/ ic^iod 
pervuled by magnetic force. All ipace in tlM neighbonriioad of Uie «rtli ia » tii«gnetio 
Geld, uid within roodente diiUiiic» the tine* of force in it nuiy be reguded m panll^ 
anloB Mtifioisl nufiiietB or peca of iron ue pnsent tp jovduoe dislurbknoe. 

' We bare, >nd throughout the remwnder of Ihi* diapler, xgnoK the ciiaten™ of indnc- 
tavo, which, hoveTor. i> ont altogether kbseal BTen in the baniect iteel. The eJTect of 
indnetioii a always tu farour attndjon. The aUraetioiu will tberefbn be eamewlMl 
rtmnser. and the repulsions (omewhat weaker, than cmr tlietnj n 
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plied by the sine of the angle which thia line makes with the lines 
of forcR 

The product of the line joining the two poles by the strength of 
either pole is called the tnoment of the magnet, and it is evident, 
from what has juat been said, that the continued product of the 
I moment of the magnet, the intensity of'teiTeatrlal magnetic force, 
r and the sine of Uie angle betiveen the length of the magnet ami the 
lines of force, is equal to the moment of the couple which the earth's 
magnetigm exerta upon the magnet. 

494 D. Compound Ua^fnet of Uniform Magnetization. — Any magnet 
wliich is not a simple magnet in the sense defined in § 49ic may be 
called a com.pou.mi magnet. It is convenient to define the moment 
of a compound magnet by the condition stated in the concluding 
words of that section, so that the moments of different magnets, 
whether simple or compound, may be compared by comparing the 
couples exerted on them by terrestrial magnetism when their axes 
are equally inclined to the lines of force. 
■ If a number of simple magnets of equal strength be joined end to 
t'tmd, witli their similar poles pointing tlie same way, there will be 
mutual destruction of the two imaginary fluids at every junction, 
mod the system will constitute one simple magnet of the same strength 
as Any one of its components ; but its moment will evidently be the 
maaa. of their moments. 

If any number of simple magnets be united, either end to end or 

j flide to aide, provided only that they are parallel, and have their 

% dmilar poles turned the same way, the resultant couple exerted upon 

f the whole system by terrestrial magnetism will (§ 14) be the sum of 

I the eeparate couples exerted on each simple magnet, ana the moment 

r «f the system will he the sum of the moments of Its parts. But any 

piece of uniformly magnetized material may be regarded as being 

I thus built up, and hence, if different portions be cut from the same 

I uniformly magnetized mass, their moments will be simply propor- 

I tional to their volumes. The quotient of moment by volume, for any 

^■uniformly magnetized mass, is called intensiiy of magnetizatiov. 

494e. Actual Magnets. — The definitions and laws of simple magneta 

nre approximately applicable to actual magnets, when magnetized 

in tlie usual manner. 

If an actual bar-magnet in the form of a rectangular parallelopiped 

were magnetized with perfect uniformity, and in the direction of its 

Igth. it might be regarded as made up of a number of simple 
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ma^eta laid side by side, and its behaviour would be represented by 
aiippoaing a complete absence of magnetic fluid from all parts of it 
except its ends (in the strict mathematical aense). One of theae ter- 
minal faces would be covered with positive. a.nd the other with 
negative fluid, and if the magnet were broken across at any part of 
its length, the quantities of pcaitive and negative fluid on the broken 
ends would be the same as on the ends of the complete magnet. The 
obaei-ved fact that magnets beliave as if the fluida were distributed 
through a portion of their substance in the neighbourhood of the ends, 
and not confined to the ends strictly so called, indicates a falling oS" 
in magnetization towards the extremities, and is approximately repre- 
sented by conceiving of a number of short magnets laid end to end, 
and falling off in strength towards the two extremities of the series.^ 

The resultant force due to the imaginary magnetic fluids which are 
distributed through the terminal portions of an actual bar-magnet is, 
in the case of actions at a great distance, sensibly the same as if the 
two portions of fluid were collected at their respective centres of 
gravity. These two centres of gravity are the poles of the magnet 
for all actions between the magnet and other magnets at a great 
distance, and more especially between the magnet and the earth. 

The moment of any magnet, however irregular in its magnetizor 
tion, may be defined by reference to the expression given in § 484o 
for the couple exerted on the body by terrestrial magnetism. Tliis 
couple is M I sill o, where I denotes the intensity of terrestrial mag- 
netic force, a the inclination of the magnetic axis of the body to the 
lines of the earth's magnetic force, and M the Tnoment which we an 
defining. 

* Thus the UM magnet at the pontiv« end being weftker thui iti neighbour, it* oegklin 
pole will ba weaker thui ila neighbour'! positive pole, wi that there will be ui caoeM ol 
pcMti*a Buid at (fail jnootioo. ISmilar nwoning »ppliea to all the junotionB oeu- the ends. 
Than 1^ be ao aicMi of poaitiia fluid at all junction* new the potitire end, uid an 

t the D^ative end. 
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495, Thfl Earth's Force simply Directive. — The forces -which pro- 

B the orientation of a magnet depend upon causes of which very 
ttle is known. Tliey are evidently connected in some way with 
! earth, and are accordingly referred to terrestrial magnetism. 
e have already stated {§ 494 nj that the combined effect of the forces 
I by terrestrial magnetism upon a magnetized needle is equi- 
lent to a couple tending to turn the needle into a particular direc- 
in, and (§ 494 e) that in the case of needles magnetized in the 
dinary way, there are two definite points or poles (near the two 
B of the needle) which may be regarded as the points of applies^ 
a of the two equal forces which constitute the couple. 
' The fact that terrestrial magnetic force simply tends to turn the 
idle, and not to give it a movement of translation, in other words, 
t the r^ultant /ores (as distinguished from couple) is zero, is com- 
ely proved by the two following experiments: — 
) If a bar of steel is weighed before and after magnetization, no 
^ange is found in its weight. This proves that the vertical com- 
ponent is zero. 

(2) If a bar of steel, not magnetized, is suspended by a long and 
fine thread, the direction of the thread is of course vertical. If the 
bar is then magnetized, the direction of the thread still remains ver- 
tical, The most rigorous tests fail to show any change of its position. 
Tliis proves that the horizontal component is zero, a conclusion which 
may be verified by floating a magnet on water by means of a cork. 
It will he found that there is no tendency to move across the water 
"a any particular direction. 

Horizontal, Vertical, and Total Inteneities. — If S denote the 
b of a magnet, and I the intensity of terrestrial magnetic force, 
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each pole of the magnet experiences a force SI, and if L denot« the 
distance between the poles (oflen called the length of the magnet), 
the distance between the lines of action of these two parallel and 
opposite forces may have any value intermediate between L and zero, 
according to the position in which the needle is held. It will be zero 
when the line of poles is that of the dipping-needle; it will be L 
when the line of poles is perpendicular to the dipping-needle; and 
will be L sin a when the line of poles !a inclined at any angle a to 
the dipping-needle. 

The force SI upon either pole of the magnet acts in the direction 
of the dipping-needle ; in other words, in the direction of the lines of 
force due to terreatrial magnetism. Let 8 denote the dip, that is the 
iodinaUon of the lines of force to the horizon, then the force SI can 
be resolved into SI cos i horizontal, and SI sin i vertical Hence 
the horizontal and vertical intensities H and V are connected with 
the total intensity and dip I and i by the two etiuations 



which are equivalent to the foUowing two 
^ =i«i* . V+H* =1'. 



(S) 



497. Toisioii-balaiiM. — Coulomb, in iDvestigating the laws of the 
mutual action of magnets, employed a torsiou-halance scarcely dif- 
finng fmn that which he used in hb electrical researdies. The 
WBipepding thrvwd carried, at its lower end, a stimip on whicli ft 
nu^tkatind bar was laid horizontally. The torsion- bead was eo 
adjusted that one end uf tlie inagnet was opposite the zero of th« 
divtsioos on the glass case when the suitportii^ thread was without 
toFsion. la order to «fieci ttiis adjustineiik tbe magnet was Snt 
si«fWDd«d by » tbmMl wboM lorsional pow«r was iDcoosideraUe, so 
tltat tbe magiMC pUced itself in tbe awgnetic nMcidian. Tlie caae 
was th«n tumcj tUl its aero cnue to Ibks pontioa. Tbe torsionk« 
tbrmd was xhcn rvpUced by a fitM metaUic wire, and the nugmt 
was t«f4aoMl by a co(>per bar of tbe aaae weight Tbe head vu 
Am tanwd tai this bar oUM into tbe M^neticntndiaa. and luUf 
temagnci was put in tbe plhc* «f tbe bar. 

Fig. 420 abows Uke ane^g— ent adc^itod lor obscniag tbe repal- 
■iaaorannMctMNibe4w«««OM>|wl«of tbe stt^iMkded —gnrr anA nnn 
pale ni aaoUnr i^frt iibkcwd nctvnaijr. Before tbe tiwftioa of 
llkm lattir, Iba —ifimlia au^jaM w actod on bj- w> bodioatal 
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forces except the horizontal component of teireatrial magnetism and 
the torsion of the wire. It was then found that the torsion requisite 
for keeping the magnet in any position was proportional to the sine 
of the displacement from the meridian. 

This result is evidently in accordance with the principles stated 




wve, for the two equal horizontal forces on the two poles being 
ant for all positions, the couple which they compose is propor- 
1 to the distance hetween their lines of action, and this distance 
is evidently L sin 0, L denoting the constant distance between the 
poles, and the deviation of the needle fi'om the meridian. 

499. Measurement of Declination. — Magnetic declination has been 
observed with several different forms of apparatus. 

At sea, the most common method of determining it has consisted 
in observing the magnetic bearing of the rising or setting son, and 
comparing this with its true hearing as calculated by a well-known 
aetronomical method. 

For more accurate determination on land, the declination compass 
r declination theodolite' (Fig. 422) has been frequently employed. 

ilile consuta of a telcacope moauted ao u to t 
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When the inatniment is set by the help of astronomical observations^ 
so that the vertical plane in 
which the telescope LL' (or 
more accurately its line of col- 
liniation) moves, coincides with 
the geographical meridian, the 
ends of the needle indicate the 
declination on the graduated 
circle over which they move. 
This circle in fact turns with 
the telescope, the line of 0" and 
180° na being always in the 
same vertical plane with the 
line of collimation of the tele- 
-10JIP. The external divided 
' iii'le PQ is used forgetting the 
. ,";- -^ i ;£^-" e:^.j': >~-..^.,. ~ instrument in the meridian. 

Fit, <si.-DBoiin»iicni Thecfloiiw. At fixcd obseFvatories more 

accurate methods of observation 
are employed. Fig. 422a shows the arrangement adopted at Qreen- 
wich. A bar-magnet B carries at OBe end a cross of fine threads C, and 





ItwML ti* uuounta of these mottong Ijeing indicated b; divided oirclee or 
JX. itum Bot differ etsentikUy [rom tbe lirger iiutniment odled tbc 
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at the other a lens D, the distaoce between them being equal to the 
focal length of the lens, tliiis forming a kind of inverted telescope, 
whose line of collima.tion is the line joining the cross to the optical 
centre of the Jens. The bar is suspended by means of a stirrup from a. 
torsionless thread, and sets its magnetic axis in the magnetic meridian. 
The telescope E, with theodolite mounting, is stationed opposite the 
end which carries the lens, and is so adjusted at eacli observation that 
its line of collimation is parallel to that of the inverted telescope 
> carried by the magnet, an adjustment which is identified by seeing 
[■the cross C coincident with a similar cross fixed in the interior of the 
telescope E. When the observation lias been made with the magnet 
ia one position, it must be repeated with the magnet turned upside 
down as shown in the figure. Error of paraUelism between the 
magnetic axis of the bar and the line of collimation of the inverted 
■ telescope which it carries, will affect these two observations to the 
[.Bame extent in opposite directions, and will therefore disappear from 
[their mean. The readings are taken on a horizontal circle corre- 
I spending to the outer circle in Fig. 422, and astronomical observa- 
tions must be made once for all to determine what reading corre- 
sponds to the geographical meridian. 

Another very accurate method consists in rigidly attaching to the 
bar, instead of the lens and cross, a small vertical mirror. Thia can 
either be viewed through a telescope, so as to show the reflection of 
B horizontal scale of equal parts, which will appear to travel across 
the field of view of the telescope as the magnet turns, or it can be 
employed to throw the image of a spot of light either upon a screen 
viewed by the observer, or still better upon photographic paper drawn 
by clock-work, which leaves a permanent record of continuous changes. 
Both these methods of employing mirrors for the observation of small 
movements of rotation are now extensively employed in many appli- 
cationa They appear to have been first introduced by Oauss, who 
employed them for the purpose which we are now considering. 

500. Measurement of Dip. — The dip-circle or inclination compass ia 
represented in Fig. 423. It consists essentially of a monetized 
needle, very accurately and delicately mounted on a horizontal axis 
through its centre of gravity, in the centre of a vertical circle on 
which the positions of the two ends of the needle can be read off. 
Thia circle can be turned with the needle into any azimuth, the 
amount of rotation being indicated by a horizontal circle. It ie 
^obvious that, if the vertical circle is placed in the plane of the mag- 
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netic meridian, the needle, being free to move in this plane, will 
directly indicate the dip. On the other band, if the vertical circle 
is placed in a plane perpendicular to the magnetic meridian, the 
horizontal component of terrestrial magnetism is prevented from 
moving the needle, which, accordingly, obeys the vertical component 
only, and takes a vertical position. In intermediate positions of the 
vertical circle, the needle will assume positions intermediate between 
the vertical and the true angle oi 
dip. In fact, if fl be the angle 
which the plane of the vertical 
circle makes with the magnetic 
meridian, the component H sin t 
of terrestrial magnetism, being per- 
pendicular to this plane, merely 
tends to produce pressure against 
the supports, and the horizontal 
component influencing the position 
of the needle is only H cos 9, whidi 
lies in the plane of the circle. As 
none of the vertical force is de- 
stroyed, the tangent of the appar- 
ent dip will be rt— :ra=„.-> The 
most accurate method of setting 
the vertical circle in the magnetic meridian consists in 6rst adjust- 
ing it so that the needle takes a vertical position, and then turning 
it through 90°. 

The instrument having thus been set, and a reading taken at each 
end of the needle, it should be turned in azimuth through 180°, and 
another pair of readings taken. By employing the mean of these 
two pairs of readings, several sources of error are eliminated, includ- 
ing non-coincidence of the axis of magnetization with the line joining 
the ends of tiie needle. One important source of error — deviation of 
the centre of gravity from the axis of suspension in a direction 
parallel to the length of the needle, is. however, not thus corrected. 
It can only be eliminated by remagnctizing the needle in the reverse 
direction so as to interchange its pole& The mean of the results 
obtained before and after the reversal of ita magnetization will be 
the true dip. 
A better form of instrument, known as the Eew dip-circle, ia dot 
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employed. Its eaaential parts are represented in Fig. 423 a. There 
is no metal near the needle, and the readings are taken on a cinile 
round which two telescopes 
travel In each observation 
the telescopes are directed to 
two ends of the needle. 

SOOa. Ueasurement of In- 
lity of Terrestrial Mag- 
netic Force. — The complete 
specifieation of the earth's 
magnetic force at any place 
involves three independent 
eiemente. For example, if 
declination, dip, and hori- 
zontal force are determined 
by observation, vertical force 
and total force can be cal- 
culated by the formulee of 
§ 496. 

Observations of magne- 
tic force are made either by 
counting the number of vi- 
brations executed in a given 
time, or by statical mea< 

Gurements. If a magnet executes small horizontal vibrations under 
the influence of the earth's magnetism, the square of the number of 
vibrations in a given time is proportional to -— , H denoting the 
horizontal intensity, M the moment of the magnet, and fi its moment 
of inertia about the centre of suspension. Hence it is easy to observe 
the variations of horizontal intensity which occur from time to time, 
if we can insure that our magnet itself shall undergo no change, or 
if we have the means of correcting for such changes as it undergoea 
To obtain absolute determinations of horizontal intensity, the fol- 
lowing method is employed. 

First, observe the time of vibration of a freely-suspended horizon- 
tal magnet under the influence of the earth alone, — -this will give the 
jtroducl of tlie earth's horizontal intensity and the moment of the 
magnet 

Secondly, employ this same magnet to act upon another also freely 
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suspended, and thus compare its infiuence with that of tlie earth,— 
this will give the ratio of the same two quantities whose product 
waa found before. Hence the two c^uantitJea 
themselve.'i cin easily be computed, 

500 b. Bifllar and Balance UagnBtometers, 
— The changes of horizontal intensity are 
measured statically by means of the hijUar 
■magnetometer. This consists of a bar-magnet 
(Fig. 423 b) suspended by two threads, which 
would be parallel if the bar were unmagne- 
tized, but matters are so arranged that, un- 
der the combined action of the pull of the 
threads, the weight of the bar, and the 
earth's magnetism, the bar is kept in a posi- 
tion nearly perpendicular to the magnetic 
meridian. The only changes which occur in 
its position from time to time are those due 
to changes in the intensity of the earth's 
r horizontal force, changes in the direction of 
this force, to the extent of a few minutes of 
angle, having no sensible effect, on account of the near approach to 
perpend icu larity. 

The changes of vertical intensity are measured by the balanee- 
miii/netomeiei: whicli consists of a bar-magnet placed in the magnetic 
meridian and suspended on knife-edges like the beam of an ordinary 
balance. Its deviations from horizontality are measures of the 
changes of vertical intensity. 

Both these instruments have mirrors attached to the magnet, which 
produce a photographic record of the movements of tlie magnet, on 
principles above expUdned. 

The moment of a magnet varies with temperature, being dimin- 
ished by something like one ten-thousandth part of itself for each 
degree Fahr. of increase, and increasing again at the same rate when 
the temperature falls. Henc* magnetic observatories most be kept 
at a nearly uniform temperature They must also be completely free 
from iron. No iron nails are allowed to be used in their construc- 
taoo. copper being employed instewL 

SOOc. Banlts of Obserratloa. — The anoexed figares* coDtain an 



uUkCDoU 



•PWF^*. *»*. «i3».a c 



«l Abt'* 



(i32 



EXPEEIMENTAL DETAILS. 



approximate representation of the magDetic meridians and lines of 
eifual dip over both hemispherea of the earth. These two systema of 
lines combined, furnish a complete specification of the direction of 
magnetic force at all parts of the earth's surface ; but they indicate 
nothing as to intensity. The curves of equal total intensity have a 
general reeemblance to the lines of equal dip, the intensity being 
greatest near the poles, and least near the equator ; but their aminge- 
ment is somewhat more complicated, there being two north poles of 
greatest intensity, one in Canada, and the other in the northern part 
of Siberia. Speaking roughly, the intensity near the poles is about 
double of the intensity near the equator. Curves of equal total 
intensity are often called teodynamic lines ; curves of equal dip are 
' often called isodinic lines; curves of equal declination are often called 
i&ogonic lines; curves cutting the magnetic meridians at right angles 
are often called tnagnetic parallels. Tbey are the lines which would 
he traced by continually travelling in the direction of magnetic eoat 
or weut. 

OOOd. The Earth as a Hagset' — 
The intensity and direction of terres- 
trial magnetic force at difierent places 
may be rowjhly represented by sujy 
posing that there is a magnet itn' (Fig. 
421) at the earth's centre, having a 
length very small in comparison with 
the earth's radius, and making an angle 
of about 20° with the earth's axis of 
rotation. The points A and B obtained 
by produtung this magnet longitudin- 
ally to meet the surface, would be the 
magnetic poles, and at any other place 
the magnetic meridian would be the 
vertical plane containing the magnetic axis A R At plac^ situated 
on the great circle wliose plane contains both the axis of rotatioa and 
the magnetic axis, the magnetic meridian would coincide witii the 
geographical meridian, and the declination would be zero. At any 
other place M, the two meridians would cut each otlier at an ang^e 
which would be the angle of declination. At all places on the great 
circle < (' whose plane is perpendicular to tlio magnetic axis, a needle 
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suspended at its centre of gravity would place itself parallel to this 
axis, and consequently the dip would be zera This circle would 
be the magnetic equator' It would cut the geographical equator at 
an angle of 20°, Proceeding from the magnetic equator towards the 
north magnetic pole B, the needle would dip more and more, until 
at B it became vertical A declination needle at B would remain 
indifferently in all positions. Similar phenomena would be observed 
at the other magnetic pole A. The end of the needle which would 
dip at B, and which at other parts of the earth would point to 
magnetic north, is that which is similar to the southern pole ■*' of the 
terrestrial magnet «■»', and the pole which is similar to ■■ would dip 
LatA. 

W The actual phenomena of terrestrial magnetism are not in very 
Msloee agreement with the results which would follow from the pre- 
Wience of such a magnet as we have described in the earth's interior, 
K'Bor do they agree well with the hypothesis of two interior magnets 
Vindined at an angle to each other, which ha« also been proposed. 
1^ would rather appear that the earth's magnetism is distributed in 
Kb manuer not reducible to any simple expression. 
P 601. Changes of Declination and Dip. — Declination and dip vary 
B^ipreatly not only from place to place, but also from time to time. 
ft-Vhus at the date of tJie earliest recorded observations at Paris, 1580, 
Vibe declination was about 11°30'E. In ICGS the needle pointed 
■ 4oe north and south, so that Paris was on the line of no declination. 
Bfiince that time the declination haa been west, increasing to a 
■RBnaximum of 22° SV, which it attained in 1814>. Since then it has 
|raQne on diminishing to the present time, its present value being 
Kbout 19° W. 

I> As to dip, its amount at Paris has continued to diminish ever since 
M?ib was first observed in 1671. From 75° it has fallen to 66°, its pre- 
HOHQt value As its variations since 1 863 have been scarcely sensible, 
■St would seem to have now attained a minimum, to be followed by 
P~tt gradual increiise. 

1 ' SOI A. Magnetic Btorma. — Besides the gradual changes which occur 
ftbi terrestrial magnetism, both as regards direction and intensity of 
v'roroe, in the course of long periods of time, there are minute fluctua- 

■_ 'If latituJo reck(.iiii:d from the magaBtic etjuntor be called magneWc iaUtude, KuJ do- 
F-.$ilrt«d by X, it can Iw bIiowq that we should have, on this theory, 
Bl taQa = 2tanX;I = E V <»"'^ + iMn'X, 

^^■jMBOQng tbc inteiuity at the nagiiGtia equatar. 
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tions continually traceable To a certain extent these are dependent 
on the varying position of the sun, and, to a much smaller extent, of 
the moon, with respect to the place of observation; but over and 
above all regular and periodic changes, there is a lar^ amount of 
irregular fluctuation, which occasionally becomes so great as to con- 
stitute what is called a ■magnetic storm. Magnetic storms "are not 
connected with thunder-storms, or any other known disturbance of 
the atmosphere; but tliey are invariably connected with exhibitions 
of aurora borealis, and with spontaneous galvanic currents in the 
ordinary telegraph wires; and this connection is found to be so cer- 
tain, that, upon remarking the display of one of the three classes of 
phenomena, we can at once assert that the other two are observable 
(the aurora borealis sometimes not visible here, but certainly visible 
in a more northern latitude)."* They are sensibly the same at 
stations many miles apart, for example at Greenwich and Kew, and 
they affect the direction and amount 
of horizontal much more than of 
vertical force. 

603. Ship's Compass.— In a ship's 
compass, the box cc which contains 
the needle is weighted below, and 
hung on gimbals, which consist of 
two rings so arranged as to admit 
of motion about two independent 
horizontal axes tt, wu at right 
angles to each other. This arrange- 
ment prevents it from being tilted 
by the pitching and rolling of the 
ship. The needle ab is firmly at- 
tached to the compass-card, which is 
a circular card marked with the 32 
points of the compass, as in Fig. 
425, and also usually divided at its 
circumference into 360 degrees. 
The card with its attached needle 
is accurately balanced on a point 
at its centre. The needle, which, in actual use, is concealed from 
view, lies along the line NS. The box contains a vertical mark in 
its interior on the side next the ship's bow ; and this mark serves a 

' Airy on Magaetim, p. 201. 
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an index for reading off on the card the direction to which the ship's 
head is turned. Sometimes a reflector ia employed, as m in tlie first 
figure, in such a position that 
an observer looking in from 
behind can read off the indi- 
cated direction by reflection, 
and can at the same time sight t 
a distant object whose mag- 
netic bearing b required. The 
origin of the compass is very 
obscure- Tlie ancients were 
aware that the loadstone at- ^'N 
tracted iron, but were ignor- ' 
ant of its directing property, 
e instrument came into use 
fin Europe some time in the 
tourse of the thirteentli cen- 

- FI(. us, - OoiDpua oacit 

itary. 

003. Hethode of Hagnetization. — The usual process of magnetizing 

nbar consists in rubbing it with or against a bar already magnetized. 

KDtfferent methods of doing this, called single touch, double touch, &&, 

Ave been devised, in which magnetized bars of steel were tlie mag 

fetetizing agents. Much greater power can, however, be obtained by 

IS of electro-magnetism; and the two following methods are now 

(■liDost exclusively employed by the makers of magnets. 

1. A fixed electro-magnet (Tig. 427'' is employed, and the bar to 





> magnetized is drawn in opposite directions over its two poles. 

Uih stroke tends to develop at the end of the bar at which the 

ion ceaaes, the opposite magnetism to that of the pole which is 
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ID contact with it Hence strokes in opposite directions over the 
two contrary poles tend to magnetize the bar the same way. 

2, When very inteDse magnetization ia to be produced, the electro- 
magnet must be very powerful, and the bar then adheres to it so 
strongly that the operation above described becomes ditHcuIt of exe- 
cution, besides scratching the bar. Hence it is more convenient to 
move along the bar, as in Fig. -iSS, a coil of wire through which a 
current is passing. This was the method employed by Arago and 
Am|)ere. 

A bar of steel is said to be magnetized to saturation, when its 
magnetization is as intense as it is able to retain without sensible 
loss. It is possible, by means of a powerful magnet, to magnetjze a 
bar considerably above saturation; but in this case it rapidly lose* 
intensity. 

Pieces of iron and steel frequently become magnetized temporarily 
or permanently by the influence of the earth's magnetism, and this 
action is the more powerful as the direction of their length mom 
nearly coincides with tliat of the dipping-needle. If fire-irons which 
have usually stood in a nearly vertical position be examined by their 
influence on a needle, they will generally be found to have acquired 
some permanent magnetism, the lower end being that which eeelu 
the north. 

It sometimes happens that, either from some pecuHarity in the 
structure of a bar, or from some irregularity in the nmgnetizing pro- 




cess, a revei-sal of the direction of magnetization occurs in some part 
or parts of the length as compared with the rest. In this case the 
magnet will have not only a pole at eacii end, but also a pole at each 
point where the reversal occurs. These intermediate poles are called 
consequent points. Fig. +29 represents the arrangement of iron- 
filings about a bar -magnet which has two consequent points a', b'. 
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The whole bar may be regarded as consisting of three magnets laid 
end to end, the ends wliicli are in contact being Eimiiar poles. Thus 
the two poles at a and the one pole at a are of one kind, while the 
two poles at i' and the one pole at h are of the opposite kind. 

The lifting power (or portative force) of a magnet generally 
^inoreases with its size, but not in simple proportion, small magnets 
I being usually able to sustain a greater mul- 
■.i^)le of tbeir own weight than large ones. 
r'Hence it has been found advantageous to 
I 'fltmatruct compound magnets, consisting of a 
■ Bnmber of thin bars laid side by side, with 
their similar poles all pointing the same 
way. Fig. 430 represents 
sucb a compound magnet 
composed of twelve ele- 
mentary bars, arranged 
4x3. Their ends are in- 
serted in masses of soft 
iron, the extremities of 
which constitute the poles 
of the system. 

Fig. 431 represents a 
compound horse-shoe mag- 
net, whose poles N and .S 
support a keeper of soft 
iron, from which is hung 
a bucket for holding 
weights. By continually 

= , ^'B *31 -Compound Horaii-iliut 

adding fresh weights day M>Kdrt. 

after day. the magnet may 
F be made to carry a much greater load than it could have supported 
originally ; but if the keeper is torn away from the magnet, the addi- 
tional power is instantly lost, and the magnet is only able to sustain 
its original load. 

Uuch attention was at one time given to methods of obtaining 
steel magnets of great power. These researches have now been 
superseded by electro-magnetism, which affords the means of obtain- 
ing temporary magnets of almost any power we plea.se. 
SOSa. Holecnlar Changes accompanying Magnetization. — Joule has 
_Bhown that, when a bar of iron is magnetized longitudinally, it 
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acquires a slight iocrease of length, compensated, however, by t 

verse contraction, so tiiat its volume undergoes no chan^ 

If the magnetization is effected suddenly, by completing an electric- 
circuit, an ear close to the bar bears a clink, and another clink is 
heard when the current is stopped. ' 

These phenomena have been accounted for by the hypotbes 
when iron is magnetized, its molecules place their longest dimetq 
in the direction of magnetization. 

The effect of heat in diminishing the strength of a magnet w 
another iastance of the connection between magnetism and other 
molecular conditions. In ordinary cases, this diminution is merely 
transient; but if a steel magnet is raised to a white-beat, it ia per- 
manently demagnetized. 

604. Action of Maffnetism on all Bodies.^ — It has long been known 
that iron and steel were not the only substances which could be 
acted on by magnetism. Nickel and cobalt especially were known 
to be attracted by a magnet, tliough very much more feebly than 
iron, while bismuth and antimony were repelled, Faraday, by means 
of a powerful electro- magnet, showed that all or nearly all substances 
in nature, whether solid, liquid, or gaseous, were susceptible of mag- 
netic influence, and that they could all be arranged in one or the 
other of two classes, characterized by opposite qualitiea This oppoed^ 
tion of quality is manifested in two ways. 

1. As regards attraction and repulsion, iron and other y 
nctic bodies are attiticted by either pole of a magnet, or more j 
rally, they tend to move from places of weaker to places of s 
force. On the other band, bismuth and other lUamagnttic bodies 
are repelled by either pole of a magnet, and in general tend to move 
from places of stronger to places of weaker force. 

2. As regards orientation, a paramagnetic body when suspended 
between the poles of a magnet tends to set axialli/; that is to say, 
tends to place its length along the line joining the poles, or more 
generally, when placed in any magnetic field, tends to place its lengUi 
along the lines of force. Hence the name pas-am agnetic.* A dia- 
magnetic body, on the other hand, when suspended between the poles, 
sets equatorially; that is to say, places its length at right angles to 

' The niiniBncliliire here mli.ptcd wia proposed by Faradny in ISBO {ReuaTcha, g 2790), 
•nd JB cminenllj worthy of acceptimce. Many writen, liowover, continue to emploj 
mo^iMete in the exoliuive sauJie of ponnn^^eUc. To be ooniiisteat, they ihould call Um 
~ il BiajTntfu; ought to bo ganenJ, »b4 
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the line joining the poles, or, more generally, tends to place its length 
at right angles to ma^aetic liaes of force. 

Fig. 432 represents the apparatus commonly employed for experi- 
ments on this subject. B, B are two large coils of stout copper wire, 
wound on massive hollow cylinders of soft iron. These latter form 
portions of the heavy frames F, F. which can be slid to or from each 
other, and fixed firmly at any distance by means of the screws E, E. 
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The armatures P, which can be screwed on or off, have the form of 
rounded cones, and produce a great concentration of force at their 
extremities. 

The action of magnetism upon a solid can be examined by suspend- 
ing a small bar of it a b, by menna of a special support RS, between 
the poles P. When a current is passed through the coils, the bar 
immediately exhibits a preference either for the axial or the equa- 
torial position. Attraction and repulsion are most easily tested by 
Buapending a small ball of the substance at the level of the central 
line of poles, but a little beside it, the poles having first been brought 
very near together. On passing the current through the coil, the 
ball will move inwards towards the line of poles if paramagnetic, 
and outwards if diamagnetic. 

It is important, however, to remark, that experiments of this kind, 
unless performed in x'acuo, are merely difterential — they merely 
indicate that the suspended body is, in the one case, more para- 
magnetic or less diamagnetic ; in the other case more diamagnetic 
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or less paramagnetic, than tlie medium in which it movea, the com- 
parison being made between equal volumes. Oxygen ia panunag; 
netic, and nitrogen ia nearlyor quite indifferent. Air ia accordingly 
paramngoetic, and a i>ody suspended in air appears less paramagnetic 
or more diamagnetic tlian it really is. If more feebly paramagnetic 
than air, it will appear to be diamagnetic. Thus heated air, in 
consequence probably of its rarefaction, appears diamagnetic when 
surrounded by cold air, and the flame of a taper ia repelled down- 
wards and outwards from the axial line. 

If, on the other hand, the body under examination is snspencled 
in water, it will appear more paramagnetic than it really ia, by 
reason of the diamagnetism of water. 

The following metals are paramagnetic: iron, nickel, cobalt, man- 
ganese, chromium, titanium, cerium, palladium, platinum, osmium. 

The following are diamagnetic: bismuth, antimony, lead, tic, 
mercury, gold, silver, zinc, copper. 

The following substances are also diamagnetic : water, alcohol, flint 
glass, phosphorus, sulphur, resin, wax, sugar, starch, wood, ivory, 
beef fwliether fresh or dried), blood (whether fresh or dried), leather, 
apple, bread. 

fi04A. Magneto-cryBtallic Action. — The orientation of crystals in 
a magnetic field presents some remarkable peculiarities, which were 
extremely perplexing to investigators until Tyndatl and Knoblauch 
discovered the principle on which they depend. This principle is, 
that crystals ai-e susceptible of magnetic induction to different degrees 
in different directions. Every crystal (except those belonging to the 
cubic system; has either one line or one plane along which induction 
takes place more ]>owerfully than in any other direction ; and it is 
this line or plane which tends to place itself axially or equatorially 
according as the crystal is paramagnetic or diamagnetic. The direc- 
tions of most powerful and least powerful induction are found to be 
closely related to the optic axes of crystals, and also to their planes 
of cleavage. When a sphere cut from a crystal is brought near to 
one pole of a magnet, it is attracted or repelled (according as it is 
para- or dia-magnetic) with the greatest force when the direction of 
most powerful induction coincides with the direction of the force. 

Directions of unequal induction can be produced artificially in 
non-crystalline substances by applying pressure. , " Bismuth is a 
brittle metal, and can readily be reduced to a fine powder in a 
mortar. Let a tea-spoonful of the powdered metal be wetted with 
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t gum-vrater, kneaded into a, po^te, and made into a little roll, say an 
linch long and a quarter of an inch across. Hung between the 
F excited poles, it will set itself like a little bar of bismuth — equatorial. 
, Place the roll, protected by bits of pasteboard, within the jaws of a 
I vice, squeeze it flat, and suspend the plate tlius formed between the 
L poles. On exciting tlje magnet, the plate will turn, with the energy 
[ of a magnetic substance, into the axial position, though its length 
■ may be ten time* its breadth. 

" Pound a piece of carbonate of iron into fine powder, and fonn it 

into a roll in the manner described. Hung between the excited 
, poles, it will stanil as an ordinary [para] magnetic substance — axiaL 
I Squeeze it in the vice, and suspend it edgeways, its position will be 

immediately revei-sed. On the development of the magnetic force. 
I the plate thus formed will recoil from the poles, as if violently 
[ repelled, and take up the equatorial position."' 

In these experiments the direction of most powerful induction is 
I a line transverse to the tliickness, and this is also the direction in 

which pressure has been applied. Tyndall accordingly concludes 
I that " if the arrangement of the component particles of any body be 

such as to present difl'erent degrees of proximity in different direc- 
I tions, then the line of closest proximity, other circumstances being 

equal, will be that chosen by the respective forces for the exhibition 

of their greatest energy. If the mass be [para]magnetic, this line 
I will stand axial ; if diamagnetic, equatorial."' 

' TfiidaU on Diamoffnelitm, p, 18. ' Iliid. p. 23, 
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CHAPTER XLV. 

GALVANIC BATTERY, 

605. Voltaic Electricity. — Towards the close of last century, when 
the discovery ol' the various phenomena of frictional electricity bad 
been followed by Coulomb's ioveatigationa, which first reduced them 
to all ftccumte theory, a new instrument was brought to light 
destined to effect a complete revolution in electrical scienca In 
place of an element difficult to manage, capricious and uncertain in 
lie behaviour, and constantly baffling investigation by the rapidity 
of its dissipation, the galvanic battery furnished a steady source of 
electricity, constantly available in all weathers, and requiring no 
special precautions to prevent its escape. Moreover, the electricity 
thus developed exhibited an entirely new set of phenomena, and 
opened up the way to such various and important applications, that 
frictional electricity at once fell into the second place, and the new 
agent became the main object of interest with all electrical inves- 
tigators. 

506. Galvanic Element.^The source of tliLs new form of electricity 
is chemical action. 

When a metal which is easily attacked by an a<;id is immersed in 
the acid, (for example, zinc in dilute sulphuric acid,) difference of 
potential is immediately established between them at the surface of 
contact, the acid becoming positive with respect to the motaL If 
either the acid or the metal is insulated (except wliere they touch 
each other) this difference of potential prevents chemical action from 
taking place, at least when the metal is tjuite pure and homogeneous. 
If, however, connection be established between the zinc and the acid 
by means of a conductor (such as platinum) which is not liable to 
be attacked by the acid, a continual current will flow through this 
conductor in a direction tending to diminish the diflei-cnce of poten- 
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tiaJ, and continuiil chemical action will tiike place between tiie 
and the zinc. 
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Such an airangement constitutes a galvanic or voltaic element- or 
and the difference of potential which exists between the acid 

id the zinc at the surface of contact ia called the electro-motive 
force of tiie element. This difference appears to be the same when 
the current is flowing aa when it is prevented from flowing by 
insulation. 

If. instead of platinum, we establish the connection by means of 
a metal such as copper, which is liable to be acted on by the acid, 
but in a much lower degree than zinc, tiiere is probably a slight 
excess of potential in the acid above the copper, and the electro- 
motive force of the element is diminished by this difference of poten- 
tial. In every ca.se, the electro-motive force is the difference between 
the potentials of the two metals when both are immersed wholly or 
partially in the acid, and are otherwise insulated. * 

Fig, 433 represents one of the simplest forms of such an arrange- 
ment, — a zinc and copper cell. Two plates Z, C, one of zinc, and the 
other of copper, are partially immersed in water acidulated by the 
addition of sulphuric acid, and are 
connected by means of a wire M, 
and binding-screws. The direction 
of the current through this wire is 
from higher to lower potential, and 
therefore from the copper to the 
zinc plate. An equal current flows 
through the acidulated water from 
the surface of contact with the zinc 
to the plate of copper. The chemical 
action wiiich takes place at the sur- 
face of the zinc plate, furnishes, as 
long as it lusts, a continual supply 
of positive electricity to the acid 

and of negative electricity to the zinc. These opposite electricities 
cannot unite at the surface where they are produced, such union 
being prevented by the chemical relations which produced them, and 
therefore flow round to meet each other through the circuit composed 
of acid, copper plate, wire, and zinc plate. For the sake of brevity, 
the direction in which the positive electricity flows ia always spoken 
of aa the direction of the currfnt-. 
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608. Galvanic Battery. — By connecting the plates of successive 
elements in the manner represented in Fig. +3i, we obtain a battery. 
The copper of the first cell on the left hand is connected with the 




zinc of tbe second, the copper of the second with the zinc of the 
third, and so on to the end of the series. The zinc of the iirst and 
the copper of the last cell (or wires proceeding from them) constitute 
the electTodes or jfoles of the battery, the zinc being the negative, 
and the copper the positive electrode. Wlien these are insulated 
from each other, each copper is at the same potential' as the zinn of 
the next cell with which it is connected, and there is a sudden rise 
of potential in passing from ea<ili zinc to the lit^uid in contact with 
it This rise occure in four places in the HiTangement represented in 
the figure, so that there are five distinct values of potential in dif- 
ferent parts of the system. The highest value is for the copper on 
the extreme right, and the lowest is for the zinc on the extreme left, 
the difference between their values being four times as great as a 
single cell would give. This fact is usually expressed by saying that 
the electro-motive force of a battery of n similar cells an'anged in 
series is n times the electro motive force of a single cell. When the 
electrodes are connected, the current flows through the connecting 
wire from the positive electrode (copper) to the negative electrode 
(zinc). 

509. Galvani's DisooveriBB.— About the year 1 780, Galvani, professor 
of anatomy at Bologna, had his attention called to the circumstance 
that some recently skinned frogs, lying on a table near an electrical 
machine, moved as if alive, on sparks being drawn from the machino. 
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ruck with the apparent connection thua manifested between elec- 
' faioity and vital action, be commenced a aeries of exiieiiments on the 
effects of electricity upon the animal system. In tlie coui-se of these 
experiments, it so happened 
that, on one occasion, sovei-al 
[dead frogs were Jimig on an 
iron balcony by means of cop- 
jer hooks which were in con- 
tact with the lumbar nerves, 
i the legs of some of them 
»ere observed to move con- 
Tulsively. He succeeded in 
Dbtaitiing a repetition of these 
ptovements by placing one of ' 
its frogs on a plate of iron, 
aid touching the lumbar 
3 with one end of a co]>- 
wire, the other end of 
<|rhich was in contact with the 
ion plate. Another mode of 

ibtaining the i-eault is represented in Fig. 435, two wires of differ- 
nt metals being employed which touch each other at one end, 
(liile their other ends touch respectively the lumbar nerves and the 
t musclea Every time the contact is completed, the limb is 
lOnvulBed. 

Galvani's explanation was, that at the junction of the nerves and 
DUScles there is a sepai-ation of the two electricities, the nerve being 
tpaitively, and the muscle negatively electrified, and that the con- 
rulsive movements ai-e due to the establishment of communication 
ttAween these two electricities by means of the connecting metala. 

Volta, professor of physics at Pavia, disproved this explanation by 
showing that the movements could be produced by merely connect- 
ing two parts of a muscle by means of an arc of two metals ; and be 
-referred the source of electricity not to the junction of nerve and 
Buscle, but to the junction of the two metals. Acting on this belief, 
Q constructed in the year 1 8t)0 a voltaic pile 

f 611. Voltaic Pile. — This consisted of a series of discs of copper, zinc, 
I wet cloth, c, z, d. Fig. 436, arranged in uniform order, thus — 
^per, zinc, cloth, copper, zinc, cloth . . , the lowest plate of 
J copper and the highest ztnc. The wet cloth was intei 
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merely to serve as a conductor, and prevent contact between eacli 
zinc and tlie eopjier alove it All 
the contacts l>etween zinc and copper 
were between a copper below and a 
zinc above, bo tliat they all tended, 
according to Volta'a tlieory. to pro- 
duce a current of electricity in the 



I 
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dame direction. The effects obtained from tlje pile were so power- 
ful as to excite extraordinary interest in the scientific world. 
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THOUGH BATTERY. fil7 

leoWOTiTM de tasses (crown of cups), consisting of a series of cups 
fc^atranged in a circle, each containing salt water witli a plate of silver 
Vor copper and a plate of zinc immersed in it, the silver or copper of 
teach cup being connected with the zinc of the next, with the excep- 
tion of the extreme plates. The last plate in liquid at eacli end of 
the series was connected with a plate of the other metal in air. 
These two plates in air are now known to he useless, and are omitted 

ttbe figure. 
614. Trough Battery,— More convenient arrangements, equivalent 
the couronne de tasses, were soon introduced One of these, 
devised by Cruickshank, is represented in Fig. 439, consisting of a 
rect&ngular box, called a trough, 
f baked wood, which i.s a non- "-~v> ~^>'.^ 

mductor of electricity, divided 

compartments by partitions 
tob consisting of a plate of zinc 

1 a plate of copper soldered 
rether. Dilute acid is poured 

bto these compartments. 

I 615. WoUaston's Battery.^In 

IP'ollaston's battery, the plates 
I suspended from a single 

horizontal bar, by means of 

iiidi they could all be let down 
into the acid, or lifted out of it 
together. The liquid was con- 
tained either in compartments 

r a trough of glazed earthen- 

1, with partitions of the same material, or in separate vessels aa 
|bown in Fig. 44'!. The plates were double-coppered; that is to a 
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they consisted of a zinc jilate with a copper plate bent round it c 







both sides (Fig. 4t0), contact between tliem being prevented by- 
pieces of wood or cork. 

517. Hare's Deflagrator. — For some purpoaes it is more important 
to diminish tlie resistance of a cell, or, in other words, to facilitate 
the conduction of electricity between the zinc and the copper plate, 
than to increase the elec- 
tro-motive force by multi- 
plying cells. The helical 
arrangement devised by 
Hare of Philadelphia (Fig. 
443) is specially adapted 
to such purposes. It con- 
sists of two very large 
plates of zinc and copper 
rolled upon a central cylin- 
der of wood, and prevent- 
ed fi'om touching each 
otlier by pieces of cloth or 
twine inserted between 
them. It is plunged ia 
a tub of acidulated water, 
as represented in the figure. From the remarkably powei-ful heat- 
ing effects wiiicli can be obtained by the use of this cell, it is called 
Hare's dejlagiutor. 
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618. Polariwitioii of Plates. — All the forms of battery which we 
b&ve thus far described, are liable to a rapid decrease of power, owing 
to oiUBes which are partly chemical and partly electrical. 

The chemical action which bakes place in each cell consists 
primarily in the formation of sulphate of zinc, at the expense of the 
zinc plate, the sulphuric acid, and the oxygen of the water with 
■which the acid is diluted, the hydrogen of the water being thus 
liberated. As this action proceeds, the liquid becomes continually 
less capable of acting powerfully on the zinc. Again, a portion of 
the zinc which hjis been dissolved becomes deposited on the copper 
plate, thus tending to make the two plates alike, and so to destroy 
the current, which essentially depends on the difference between 
them. 

But the most important cause of all is to be found in what is called 
ihe polarization of the copper plate ; that is to say, in the deposition 
of a film of hydrogen on the surface of the plate. This film not only 
ioterposes resistance by its' defect of conductivity, but also brings to 
tear an electro-motive force in the direction opposed- to that of the 
current 

These obstacles to 
the maintenance of a 
constant current were 
first overcome by 
Dan i ell. 

S19. DanieU'B Bat- 
Itery.— In the cell de- 
vised by IXaniell, tliere 
is a porous paitition of 
unglazed earthenware, 
Beparating the two li- 
quids, which are in con- 
tact one with the zinc, 
and the other with the 
copper plate. These 
tvo liquids are not 
precisely alike, that fis. tM.-D»niBU'ic^ 

which is in contact 
[With the copper being not simply dilute sulphuric acid bke the 

;hor, but containing also as much sulphate of copper as it will 
:e up. For the purpose of keeping it saturated, crystals of 8 
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phate of copper are euspeoded in it near its surface by means of a 
wire basket of copper. Tlie effect of this arrangement is, that the 
hydrogen is interoepted before it can arrive at tbe copper plate, aod 
the deposit which takes plitce on the copper plate is a deposit of 
copper, the hydrogen taking the place of this copper in the saturated 
flolution. 

The current given by a battery of these cells remains neaily con- 
stant for some houra. 

In the figure, the copper plate C is represented as a cleft cylinder 
occupying the interior, witli the crystals of sulphate of copper piled 
up round it The entire cylinder surrounding these is the porous 
partition, outside of wiiich is the cleft cylinder of zinc Z, the whole 
being contained in a vessel of glass. 

It is more usual in this country to dispense with the glass vessel, 
and interchange the places of the zinc and copper in the figure, the 
copper plate being a cylindrical vessel of copper containing the 
saturated solution. In this is immersed the porous vessel containing 
the other fluid with the zinc plate immersed in it The cells thus 
constructed are usu- 
ally arranged in square 
compartments in a 
wooden box. 

5S0. finnsen's Bat- 
tery. — The battery 
whicli is now perhaps 
most extensively used 
for class expenments 
is that which was in- 
vented by Bunsen in 
IS+S, being substanti' * 
ally identical with one 
previously invented 
ly Grove, except that 
Ciuhon is substituted 
tor pliitinum. 

Pig HS-BonnniCoiJ '-''he Usual construo- 

tion of its cells is very 

clearly itpresented in iig 44t Ihe ck-ft cylinder is the zinc plate, 

which IS immersed in dilute sulphuric acid. Within this is the 

porous cylinder siradar to Darnell s, containing atrong nitric acid, 
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In this cell the hydrogen is intercepted on its way to tlie carbon 
[dale by the nitric acid, with which it forms nitrous acid. 
Grove's battery possesses some advantages over Bunsen's ; but its 
rat cost is much greater. 

521. Amalgamated Zinc. — When the poles of n battery are insulated 
rom one another, there ought to be no chemical action in the cells, 
tny action which then goes on is wasteful, and is an indication that 
mproductive consumption of zinc goes on when the current is pass- 
;, in addition to the consumption which is necessary for producing 
the current. This wasteful action, which is called local action, goes 
on largely when the zinc plates are of ordinary compiercial zinc, but 
not when they are of peifectly pure zinc. In this respect amal- 
gamated zinc behaves like pure zinc, and it is accordingly almost 
universally employed. The amalgamation, which must be often 
renewed in tiie case of a battery in constant use, is performed by 
fitat cleaning the zinc platen witli dilute add, and then rubbing them 
with mercury. 
^^ 622. Dry Pile: Bohnenberger's ElectioBcope. — For telegi-aphic pur- 
^K; poses in this country, a battery is very commonly employed in which 
^Bliahd or sawdust, moistened with acidulated water, separates the zinc 
^^ntod copper plates of each cell. 

^^H The other forma of battery which havo been devised are exceed- 
^^Hsgly numerous, and new forms are continually beiug introduced. 
^^^1 A dry pile, built up on the general plan of Volta's moist pile, was 
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devised by De Luc, and improved by Zamboni. In Zarohoni's con- 
struction, sheets of paper are prepared by pasting finely laminated 
zinc or tin on one side, and rubbing black oxide of manganese on the 
otlier. Discs are punched out of this paper, and piled up into a 
column, with their similar sides all facing the same way, to the 
number of a thousand or upwards, and are well pressed together. 
The difference of potential between the two ends is sufficient to 
produce sensible divergence of the gold-leaves of au electroscope, but 
the quantity of electricity which can be developed in a given time is 
exceedingly small. No pile or battery can geneiute a sensible cur- 
rent, except by a sensible consumption of its materials in the ahapt 
of diemical action. 

A very delicate gold-leaf electroscope was devised by Bohnen- 
berger, consisting of a single leaf suspended between the two poles 
of a di-y pile, which for titis purpose is arranged in two columns 
connected below, so that tJie poles are at the summita If their lower 
ends, which form the middle of the series, be connected with the 
earth, one pole will always have positive, and the other negative 
potential. A very slight charge, positive or negative, given to the 
gold-leaf by means of tiie knob at the top of the case, suffices to make 
it move to the negative or the positive pole. 

623. Thenno-electrio Currents. — Electric currents can be produced 
by applying heat or cold to one of the junctions in a circuit composed 
of two different metals. This 
was first shown by Seebeck of 
Berlin in IS2I. It may be illus- 
trated by employing a rectan- 
gular frame (Fig. 448), having 
three sides formed of a copper 
plate, and the fourth of a cylin- 
der of bismuth. It must be 
placed in the magnetic meridian, 
with a magnetized needle in its 
interior. On heating one of the 
junctions with a spirit-lamp, the 
needle will be deflected in such a direction as to indicate the existence 
of a current, which, in the copper portion of the I'ii-cuit. flows from 
the hot to the cold junction, and in the bismuth portion from the 
cold to the hot. If cold instead of heat lie applied to one junction, 
the direction of the current will still be from the warmer junction 
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K.e copper to the colder junction, and fiBm this through the 
I tbe warmtr janction. Antimouy, if employed instead of 
copper, gives a still more powerful effect 

684. Though a circuit composed of bismuth and antimony is 
specially susceptible of thermo-electric excitation, the property is 
possessed, in a more or less marked degree, by every circuit composed 
of two metals, and even by cir- 
cuits composed of the same metal 
in different statea If, for ex- 
ample, a knot or a helix (as in 
Fig, ii9), be formed in a piece of 
platinum wire, and beat applied 
at one side of it, a current will 
be indicated by a delicate galvanometer. In metals which are usually 
heterageneous in their structure, such as bismuth, it ia not uncom- 
mon to find currents produced by heating parts which appear quite 
uniform. If the ends of two copper wires be bent into hooks, and 
one of them be heated, on placing them in contact, a current will be 
produced due to the presence of a thin film of oxide on the heated 
wire. With two jilatinum wires, no such effect is obtained. 

635. Thermo-electric Order. — According to Becquerel's experiments, 
the metals may be ranged in tbe following order, aa regards the 
direction of the current produced by heating a junction of any two 
of them: — Bismuth, platinum, lead, tin, copper, silver, zinc, iron, 
antvmo-ny; that ia to say. if a junction of any two of these metals 
be heated, the direction of the cun-ent at the junction in question 
will be from thut which stands 
first in the list to the other. Uts 
experiments have also established 
the imjiortant fiict that the cur- 
rent obtained by Iieating all the 
junctions B, C. D. E, F. of a chain 
of dissimilar metals to one com- Fig. *m. 

mon temperature, is the same as 

that obtained by uniting the two extreme bars AB, FG, directly to 
each other, and heating their junction to the ajime temperature.' 

526. Comparison of Electro-motive Forces. — By employing a chain 
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composed of wires of different nietats soldered together, with its two 
extremities connected with a galvanometer, and heating one junction 
to 20° C, while the rest were kept at 0° C, Becquerel obtained c 
reots proportional to tlie following numbers: — 



Iron -silver, 20*20 

Iwn - oopper, .... 27'96 
Iron-tin 3[-24 



On comparing these numbers, it will be found that they are ia 
approximate agreement with the law above stated. Thus the electro- 
motive force of a silver-platinum circuit comes out lOoo by adding 
200 to 8-55, and 9 87 by subtracting 26-20 from 36 07. The electro- 
motive force of copper-phitinum is 8'55 as observed directly, and 
811 as computed by taking the difference of iron-copper and iron- 
platinum. The deviation from precise agreement is not more than 
may fairly be ascribed to errors of observation, 

fiS7. Influence of Temperature. — When the junctions in a thermo- 
olectrio circuit are at only two temperatures, tlie lower of which 
remains constant while the other varies, the cuiTent will be sensibly 
proportional to the difference of temperature oidy as long as this 
difference is small. As tiie difference goes on increasing, the current 
increases less rapidlj', then decreases, and at still greater differences 
of temperature is reversed. 

6S8. Thermo-electric Pile. — If a thermo-electric chain be composed 
tiftwo metals occurring alternately (as in Fig. 452), no effect will | 
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tilibiiu<Hl by equally heating (icoconsecufii/e junctions; fortheourr 
wlttoti would be generated by heating the one is in the oj^positd 
dllVi>tlot) to that due to the heating of the other, If we number the 

uAvvH lUiivl I't »\nnt ba oompleted, uid Dot left open u m Fig, 4fil. Id the caxe of an 
1>V*U vht'MIt, thw nwult of Ihe heating will Bimpl; be to pnxluce ditferenci? of potentul 
li«tH«Mi th> •tMwiilliM A, G. Thii difTeniDce of poUntial is the nieuure of the eleotn- 
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junctions in order, we sliiitl obtain a current in one direction by 
heating any junction wtiich bears an odd number, and in the opposite 
direction by heating any one that hears an even number. The thenno- 
electric pile, or thei'mo-pile, whose use lias been already described in 
connection with experiments on radiunt heat (§ 313), is an arrange- 
ment of this kind, in which a)l the odd junctions are presented 
together at one end, and all the even junctions at the other, the two 
metals composing the pile being antimony and bismuth. The electro- 
motive force obtained with a given difference of temperature between 
the ends of the pile is proportional to the number of junctions, except 
in so far as accidental differences may exist between different junc- 
tions, 

629. Application to Measurement of Temperature. — Thermo-electric 
currents may be employed either in testing equality of temperatures, 
or in comparing small differences of temperature. As an example of 
the former application, suppose a circuit to be formed of two long 
wires, one of iron and the other of copper, connected at both ends, 
and covered witli gutta-percha or some other insulator except at 
the two junctions. Let one junction be lowei^ed to the bottom of a 
boring, or any other inaccessible place whose temperature we wish 
to ascertain, and let the otiier junction be immersed in a vessel of 
water containing a tlierniometer. If one of the wires be carried 
round a gidvanometer, the direction in which the needle is deBected 
will indicate wiiether the upper or lower junction is the wanner, and 
if we alter the temperature of the water in the vessel till the deflec- 
tion is reduced to zero, we know that the two junctions are at the 
same temperature, which we can read off by the thermometer 
immersed in the water. 
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530. (Erated'fl Experiment. — The discovery by the Danlsb philo- 
sopher CErsted, in 1819, that a magnetized needle could be deflected 
by an electric current, was justly regarded witli intense interest by 
the scientific world, as affording the Rrat indication of a definite rela- 
tion existing between magnetism and electricity. 

(Ersted's experiment can be repeated by means of the apparatus 
represented in Fig. 456. Two insulated metallic wires are placed 
in the magnetic meridian, one of them above, and the other below a 
magnetized needle. If a 
current be sent through 
one of these wires, the 
needle will be deflected; 
and if the current bo 
strong, the deflection will 
nearly amount to a right 
angle The direction of 
the deflecttun will be r&- 
versed if the current be 
passed through the lower 
instead of the upper wire. It will also be reversed by reversing the 
direction of the current. In the figure, the current is supposed to 
be passing above the needle fi-om south to north. In this case the 
north end of the needle moves to the west, and the south end to the 
east. On making the current pass in various directions, either 
horizontally, vertically, or obliquely, near one pole of the needle, it 
will be found that deviation is always produced except when the 
plane containing the pole and current b perpendicular to the length 
of the needle. 
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631. Ampbre'B Rule. — The (iirection in which either pole of a, needle 

( is deflected by a ciiiTent, whatever their relative positions may be, 

is given by the following rule, wliich was first laid down by Ampere, 



^ 




Imagine an observer to be so placed that the current passes through 
I him, entering at Ida feet and leaving at his head, then the deflection 
I of a ncn-th-aeeJcing pole will be to the left as seen by him. The deflec- 
i-UoD of a Bouth-aeeking pole will be in the opposite direction. The 
ptwo figures 457, +58 illustrate the application of this rule to the two 
B just considered. The current is supposed, in both cases, to be 
r flowing from south to north. A is the austral or north-seeking pole 
[■ of the needle, and B tlje borea! or south-seeking pole. 

531a. Lines of Magnetic Force due to Carrant, — Tiie relation between 
I currents and magnetic forces may bo more ^ 

■ '■precisely expressed by saying that a cur- 
F tent flowing through a straight wire pro- 
duces circular lines of force, having the 
wire for their common axis. A pole of a 
magnet placed anywhere in the neighbour- 
' bood of the wire, experiences a force tend- 
t ing to urge it in a circular path round the 
ire, and the direction of motion round the 
t is opposite for opposite poles. Fig. 
|458a represents three of the lines of force 
, for a north-seeking pole, due to a current 
flowing thi'ough a straight wire from the 
end marked + to the end marked — . The 
lines of force are circles (shown in perspec- *'''' »sa».-Linao/Ponn*u» 
J as eUijiaes), having their centre at a 

DbCin the wire, and having their plane perpendicular to the lengUi 
f the wire. The arrows indicate tiie direction in which a north- 
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seeking pole witl be urged, Tliia direction is from right to left round 
the wire aa aeeo from the wire itself by a person with his feet to- 
wards + aud his head towards — , according to Ampfere's rula The 
figure may he turned upside down, or into auy other position, and 
will still remain true. 

531b. Reaction of Magnet on Current. — While the wire, in virtue 
of the current flowing up through it, uigea an austral pole from A 
towards A' (Fig, 458 b), it is itself urged in 
the opposite direction CC. If an observer 
be in imagination identified witli the wire, 
the current being supposed, as in Ani|]fere's 
rule, to enter at his feet, and come out at 
his head, the force which he will experi- 
^\ ence from a north-seeking pole directly in 
' front of him will be a force to his right 
It will be noted that the magnetic infiu- 
ence which thus urges him to the right, 
would urge a north-seeking pole from his 
front to his back. A conductor conveying 
a current is not urged along lines of mag- 
netic force, but in a direction which is at 
right angles to them., and at the aaToe titne 
at right angles to its oivn length. 
532. NumBrical Estimate of Currents. — Tlie numerical measure of 
a current denotes tlie (juantrty of electricity which flows across a 
section of it in unit time. It is sometimes called strength of current, 
sometimes, especially by French writers, intensity of current, some- 
times simply current or uTnount of current If a thin and a tliick 
wire are joined end to end, it has the same value for them both; just 
SLB the same quantity of water flows through the broad as tlirough 
the contracted parts of the bed of a stream. Hence the name inten- 
eity is obviously inappropriate, for, with the same total quantity of 
electricity flowing through both, the current is, properly speaking, 
more intense in the thin than in the thick wire. 

Currents may be measured experimentally by various tests, which 
are found to agree precisely. The most convenient of these for 
general purposes is the deflection of a magnetized needle. The force 
which a given pole experiences in a given position with respect to a 
wire eonvej'ing a current, is simply proportional to the current 
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B corresponding to that in which we speak of the strength of a 

' pole. Instruments for measuring currents hy means of the deflec- 

tioDfl which they produce in a magnetized needle are called rjalvano- 

I •metera, 

5S3. Bine Galvanometer. 
— The sine galviinometer, 
which was invented by 
PouiUet, is represented in 
Fig. 459. The current which 
is to be measured traverses 
a copper wire, wrapped 
round with silk for insula- 
tion, which is cimied eithei' 
once or several times round 
a vertical circle; and this 
circle can be turned into 
any position in azimuth, 
the amount of turning be- 
ing indicated on a horizon- 
tal circle. In the centre oi 
the vertical circle, a decli- 
nation needle is mounted, 
surrounded by a horizontal 
tiircle for indicating its 
position, this circle being Fig iiu - sine Gi.k»no.n»wr. 

rigidly attached to the ver- 
tical circle. Suppose that, before the current is allowed to pass, 
both the needle and the vertical circle are in the magnetic meridian, 
and that the needle consequently points at zero on its horizontal 
circle. On the current passing, the needle will move away. The 
vei^tical circle must then be turned until it oveitakes the needle; 
that is, until the needle again points at zero. This implies turning 
the circles through an angle a equal to that by which the needle 
finally deviates from the magnetic meridian. In this position the 
terrestrial couple tending to bring back the needle to the meridian 
is proportional to sin a (4)498). Tiie forces exerted upon the two 
poles by the current are perpendicular to the plane of the vertical 
cirde, and are simply proportional to the current Hence, in com- 
paring different observations made with the same instrument, the 
amounts of current are proportional to the sines of the devlationa 
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634, Tangent Oalvanometer. — The tangent galvanometer, which ia 
simpler in its construction and use, and is mucli more frequently 
employed, consists of a declination needle mounted in tlie centre of 
a vertical circle whose plane always coincides with the magnetic 
meridian, the length of the needle being small in comparison with 
the radius of the circle. 

Let (Fig. 460) be the centre of suspen- 
sion, ah the initial position of the needle, 
and a' b' its deflected position. The force F 
exerted on either pole by the current is sen- 
sibly the same at a' as at a on account of 
the smullness of the needle, and it acts in 
the direction Ik, while the horizontal force 
of the earth upon the pole acts along a'm; 
***'^'a^C^^f ''"*""' and I'l'ese two forces give a resultant along 
oa'. Hence, taking the triangle ola as the 
triangle of forces,' the force exerted by the current is to the hori- 
zontal force exerted by the earth as la to ol, or as tan a to unity; 
that is, the current is proportional to the tangent of the deflection. 

In oixier to permit the deviations of the short needle to be accur- 
ately read, a long pointer is attached to it, usually at right angles, 
the two ends of which move along a fixed horizontal circle. 

6S6. Moltiplier. — The idea of carrying a wire seveiu! times round 
a needle in a vertical plane is due to 
Schweiger, The form of apparatus de- 
signed by him, called Schiveiijer'a mul- 
tii>lier, is represented in Fig. 461. The 
ditlerence between the rectangular and 
the circular form is merely a matter of 
detail The name mutliplier is deiived 
from the fact that, if the current is not 
sensibly dinunished by increasing the 
number of convolutions of wire through 
wiiich it has to pass, the force exerted on 
1 times as great with n convolutions as with only 1, 
since each convolution exerts its ovrn force on the needle indepen- 
dent of the resi Cases, however, frequently occur in which the 
increased resialance introduced by increasing the number of convolo- 

' The pcrsllelognun of totem ia (tiviiteii b;iH dUgnuI into liro liiuigk*. uther of wUA 

may \y ulle-l the ti4uigli of tantm. 
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I iions outweiglis tlie advantage of multiplication, so that a short thick 

wire with lew convolutions gives a more powerful effect than a long 
I thin wire with many, Tliia is especially the case with thermo-electric 

currents. Tlie names multiplier and galvanometer are commonly 
, used as equivalent. 

The dirterence between the rectangular and the circular form is 

merely a matter of detiiil. Whichever form be adopted, all parte of 

the coil contribute to make the needle deviate in the same direction. 

For instance, in Fig. 4(J2, if tlie cuiTent 

proceeds in the direction indicated by 

the arrows, tlie appliciition of Ampere's 
L rule to any one of the four sides of the 

rectangle shows that the austral pole 
I a will be urged towards the front of 
I the figure. When the coil is circular, f<s*w- 

I Rnd the needle so small tlmt eacii pole is nearly in the centre, equal 
\ lengths of the current, in whatever parts of the circle they may be 
I utuated, exert equal forces upon the needle, and all alike urge the 
I" poles in directions perpendicular to the plane of the coil. 

635a. Differential Galvanometer.— The coil of a galvanometer some- 
\ times consists of two tli(-tiiict wires, having the same number of con- 
' volutions, and connected with separate bin ding- screws. This arrauge- 

inent allows of currents from two distinct sources being sent at the 

same time round the coil either in the same or in opposite directions. 

In tlie latter case, the re.sultant effect upon the needle will be that 

due to the difference of tiie two currents ; and if they are not exactly 
I equal, the direction of tlie deflection will indicate which of them is 

the greater. An instrument thus arranged is called a differential 

galvanometer. 

SS6. Astatic Needle.— The sensibility of the galvanometer is greatly 

increased by employing what is called an astatic needle. It consists 
I of a combination of two magnetized needles wUh their poles tumed 
e luays. The two needles are rigidly attached at different 
I heights to a vertical stem, and the system is usually suspended by a 
I silk fibre, which gives greater freedom of motion than support upon 
IB point. On account of the opposition of the poles, the directive 
r action of the earth on the system is very feeble. If the magnetic 
I moments of the two needles were exactly equal, the resultant momeol 
I would be zero, and the system would remain indifferently in itU 
Kitfimuths. 



above tlie coil, 
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One of the needles ab (Fig. 463) ia nearly in the centre of the S 
CDEF tlirough wiiich the current passes. Tlie other a'6'ii jnat 
a current traveraes the coil in the directios 
of the aiTows, the action of all parts of ttie 
current upon the lower needle tends to urge 
the austral pole a towaixls tlie bauk of the 
figure, and tlie boreal pole b to the front 
The upper needle a' h' ia affected princiiwUiy 
by the current in the upper pait CD of tbe 
coil, which urges the austral pole a' to the 
front of the figure and the boreal pole 6' to 
the back. Both needles are tlius urged to rotate in the same direc- 
tion by the current, and aa the opposing action of the earth is greatly 
enfeebled by the combinntion, a much larger deflection ia obtained 
than would be given by one of the needles if employed alone. 

If the two needles 
had rigorously equal mo- 
ments, tlie system would 
be said to be perfectly 
astatic. Tbe smallest 
current in the coil would 
then suffice to set the 
needles at right angles to 
the meridian, and no 
measure would bo ob- 
tained of the amount of 

flllTCUt 

l'"f^. IG-l represents an 
;i-t:diR g^ilvano meter, as 
usually constructed. TLe 
i.<>il h wound ujxm an 
iviiry frame, which BUi>- 
„ ports the divided circle 

in whose centre the up- 
per needle is auspended. 
Tlie ends of tlie coil are connected with two binding-screws for 
making connection with the wires which convey the current to be 
measured. The needles ai-e uEually two sewing- needles, and the 
upper one often carries a light pointer. Tbe su-spending fibre ia 
attached at its upper end to a hook, wLich can be raised or lowered 
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lod wben the instrumeDt is not in use tbis is lowered till t)ie upper 
Kjteedle reats upon the plate beneath it, so as to relieve the fibre from 
T'BtmiQ. Id using the instrument, care must be taken to adjust the 
I tbree levelling-screwa ao that the needle swings free. 

S36a. Thomson'B Uirror Galvanometer, — The most sensitive galvano- 
meter as yet invented i* tlie mirror galvanometer of Sir W. Thomson. 
Its needle, which is very short is rigidly attached to a small light 
concave mirror, and su'spended in the centre of a vertical coil of very 
I Bmall diameter by a silk fibre A movable magnet is provided for 
l-lninging the needle into the plane of the coil when the latter does 
fnot coincide with the magnetic meridian A divided scale is placed 




D a horizontal position in front of the min'or, at the distance of about 

» yard, and the image of an illuminated slit, which is thrown by the 

I mirror upon this scale, serves as the index. The arrangement of the 

I mirror and scale, which is the same as in the case of the quadrant 

L electrometer described in a previous chapter, is exhibited in Fig. 

I 464a. M is the mirrer of silvered glass, slightly concave, with a 

I mall piece of magnetized watch-spring attiiclied to its back, the two 

\ together weighing only a grain and a half, and suspended by a few 

Lfibree of unspun silk, AA is a divided scale forming an arc of a 

Iliorizontal circle about the mirror as centre. Immediately below the 

f Dentre of this scale is a circular opening S with a fine wire stretched 

I Tertically at the back of it A paraffine lamp L is placed directly 

I behind this operiing, so as to shine through it upon the mirror, which 

' is at such a distance as to throw upon the screen a bright image of 

the opening with a sharply-defined dark image of the wire in its 

centre. The image of the wire is employed as the index in taking 

the readings. 



galvjlkombtkb. 



For use at sea, the galvanometer ia modi&ed by fastening the 



lupportiiig fibre of silk at both ends, ! 



3 to keep it tight, with the 



needle and mirror attached at its centre, cai'e being taken to make 
the direction of the fibre pass through the common centre of gravity 
of the needle and mirror, in order that the rolling of the ship may 
not tend to produce rotation. In tliia form it is called the maritui 
galvanometer. 

637, Calibration of Galvanometer.— The devintions of the needle of 
a gill van oaieter are not in general proportional to the currents which 
produce tiiem. In order to be able to tranidate the indications of the 
instrument into proportional measure, a preliminary investigation 
must be made, and its results embodied in a table. This has been 
done in several waj-s. We shall merely indicate the method em- 
ployed by Melloiii for deducing from the deflections of bis galvano- 
meter the amounts of heat received by bis thermopile. 

He placed two sources of heat opposite the two ends of the pile, 
and allowed them to radiate to it, first one at a time, and then both 
together. One of them produced a deviation, say of 5°, and the other 
of 10°, and when the two were acting jointly the deviation was 5^ 
Since the latter number is the difference of the other two, the infer- 
ence is that up to 10° the deflections are proportional to the amounts 
of heat received. Melloiii thus established tliat the proportionality 
subsisted up to 20°. When the two sources sejMirately produced 
defiectiotis of £0' and £3°, and a deflection of 6°'5 jointly, be inferred 
that A deticctiou of S3° indicated an amount of heat represented by 
SG*'3 ; for the heat which produced the deflecUon of 25* was the stun 
of the two amounts represented separately by S0° and 6*5. By a 
suocession of steps of tliis kind, the calibratioo' («a this process is 
ciJled) can be extended nearly to 90*. 

This mode of investigation covera any want of proportionality 
whtdi may exist in tlie production of thenuo-electric currents, as 
wA\ as in the proportionality of these currents to the deflectiona 
Another method of calibrating a gaI\-anometer wilt be described in 
the next chapter. 

> Tin apflkalHa of tk* w 



CHAPTER XLVII. 



OBMS LAW. 



638. Statement of Ohm'a Law. — The strength of the current which 
traverses a circuit depends partly on the electro- motive force of the 
source of electricity, and pai'tly on the resistiince of tlie circuit. For 
equal resistances, it is proportional to the whole electro- motive force 
tending to maintain the current, and for equal electro-motive forces 
it is inversely as the whole resistance in tiie di-cuit. Hence, when 
proper units are chosen for expressing the current C, the resist- 
ance R, anil the eiectro-motive force E, we have 



r 

I 

^^^ tures, ! 
^H Wbt 



or the current is equal to the electm-viotive force divided by the 
Tcaistance. Tliis is Ohm's law, so called from its discoverer. 

539, Explanation of the term Blectro-motiva Force. — Whenever 
an acid is in contact with a metal liable to be acted upon by it, a 
difference of potential exists at the surface of contact, tiie acid having 
higher potential than the metal. In a galvanic circuit, the tendency 
of this difference of potential ia to force a current round from the 
acid througii the rest of the circuit to the metal. In a battery consist- 
ing of several cells arranged in a series, the total electro-motive force 
13 the sum of the forces of the separate cells; and if the circuit he 
interrupted at any one place, and the potentials at the two sides of 
the inten^uption be examined by Thomson's quadrant electrometer, 
they will exhibit a difference which is the sum of the differences 
exhibited by the separate cells when similarly examined. A similar 
difierence, but usually much smaller, is exhibited by the two poles 
of a til ermo- electric pile when its two faces are at different tempero- 
tures, and is the sum of the differences due to the separate elementa. 

When the current is passing round a galvanic circuit there is, in 



i 
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each cell, a gradual fall of potential from the film of liquid in contact 
with the zinc to the film in contact with the carhon or copper plate, 
and there 13 also a gradual fall in the connecting wire from the last 
carbon (or the positive pole) to the first zinc (or the negative pole), 
the sum of all these gradual falls Vjeing precisely equal to the sum of 
all the sudden rises' which occur at the surfaces of contact between 
metal and liquid. The sum of all these sudden rises constitutes the 
whole electro- motive force of the circuit. 

In like manner, in a thermo-electric circuit, there is difference of 
potential probably at each junction, whatever its temperature may 
be; and the algebraic sum of tliese sudden differences (a rise of 
potential being called positive and a fall negative, in travelling 
with the current) is the whole electro motive force of the thermo- 
pile. When the faces of the pile are at equal tern peratu res, the 
opposite electi-o- motive forces are equal, and destroy one another; 
when the temperatures are unequal, the positive electro- motive forces 
exctcd the negative, and tlie tobiil or resultant electro- motive force 
is the measure of tins excons. 

540. Explanation of the term Resistance. — When the cun'ent of a 
circuit is taken through the coil of a galvanometer, it is found that, 
by introducing different lengths of connecting wire, very different 
amounts of deflection can be obtained. The longer the wire which 
connects either pole of the battery with the galvanometer, the smaller 
is the deflection ; and a small deffection indicates a feeble current. 
The current is in like manner weakened by introducing a fine 
instead of a stout wire, if their length and material be the same, or 
by introducing an iron wire instead of a copper wire of the same 
dimensions. These differ- 
ences in the properties of the 
different wires are expre.ssed 
bv saying that they have 
different resistances. 

The apparatus represent- 
ed in Fig. +65 can be em- 
ployed for comparing resist- 
ances in this way. The cur- 
rent given by a batterj- P passes through a wire to the galvanometer 
B, and after traversing its coil is led on by another wire to the cup 

' If wiy ludden taJJt occur, it it the algohniic turn fttut it tlio excesi of niddan rua 
kbove luddaii tklli) that U tu be lirm tindvriitn-xl. 
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of mercury a, thence through the connecting wire m to tlw other cup 
<rf mercury h, Jind back to tlie battery through another wire. The 
circuit can also be completed as shown in the Bgure. without passing 
tlirough m, by means of a, broad conducting plate whose resistance 
may be neglected. 

In changing the wire m, it is found that, to produce no change in 
the de8ection, tlie length of the wire roust vary 4?i^ctiy as its cross- 
section ; that is to say, if /, I', 2" .... be the lengths of different 
wires employed, and s s' a" . , . . tlieir sectional areas, their resist- 
ances will be equal, if 



This is on the supposition that the wires are ail of precisely the same 
material. Every substance has its own specific resistance, the recip- 
rocal of whicb is its electrical conductivity and is precisely analogous 
to thermal conductivity. Denoting specific resistances by r,r',r",. , . . 
tlie condition of equal resistances, when the materials are different, is 



and the resistance of any wire is expressed by the formula -, I 
denoting its length, s its sectional area, and r the specific resistance 
of its material. 

641. Experimental Proofs of Ohm's Law.^Pouillet, who conducted 
numerous esperinienta 
bearing on Ohm's law, 
investigated the con- 
nection between cur- 
rents and resistances in 
tlie following ways; — 

1. Forthei-mo-electAc 
currents, he employed 
two thermo-electric ele- 
ments, each consisting 

of a stout cylinder of rig. »«.— fouuWii 

bismuth with its ends 

bent down and soldered to copper wires. The two elements were 

Htranged aide by side aa in Fig. 466, and the junctions at one end 

were immersed in hot water, those at the other end being kept in 

^^nelting ice. The hot and cold junctions of the one were connected 




668 OHMS LAW. 

by a wire which was carried round a galvanometer needle. Those 
of the other were connected by a wire ten times as long, which made 
ten times as many turns round the same needle in the opposite direc- 
tion, so that the two currents opposed each other in their action on 
the needle. It was found that the needle retuained at zero, showing 
that the current in the short wire was ten times as strong as the 
other, for one of it^ convolutions was able to balance ten convolutions 
of the other. As the resistance in the stout bars of bismuth was 
inappreciable, it followed that the currents in the two circuits were 
inversely as the resistances. 

2. For voltaic currents, he first sent the current of a battery through 
a galvanometer without any interposed resistance, and observed the 
strengtli of current C. He then introduced, successively, known 
lengths of uniform wire ^i, /„ I3. and observed the currents obtuined. 
Denoting these by Ci. Cj. Qj, and taking x to denote the length of wira 
which would be equivalent to the unknown resistance of the original 
circuit consisting only ofthe battery and the galvanometer, we should 
have— 



From any one of these thi-ee equations a; can be determined, and 
Ohm's law is verified if they all give the same value of x. TbiB 
Pouillet found to he the case. 

By repeating the experiment with a different kind of wire, a new 
value of X will be obtained, and thus the resistances of equal lengths 
f the two wires can be cnmiMired. 

rMS. Reduced Leng^th: Total Besistance of Circnit. — To express, in 
3 of the equivident length of one wire, the resistance of a drcoit 
composed of sevei'al, we can employ the relation (^ 540) 

« . whence i = . - t, 



I denoting the lengtii of one kind of wire equivalent to the length f 
of tlie other. The length / is called the reduced length of Uie wire 
whose actual length is C. 

643. Ekeostat.— Wheatatone's rkfoetat is s Ter>- convenient inatm- 
ment for the comparison of Rsistancee. It consists (Fig. 4C7) of two 
cylinders, one of bnus, and tlie other of uon-conducting material, so 
arranged that a copper wire can be wuund off tl»e one on to ttie oUwf 
by tURiti^ a huuUa. The ntriaoe of the Doo-^onducting cylinder B 




has a screw-thread cut iu it, for its whole length, in which the wire 
lies, so that its successive convolutions are well insulated from each 
other. Two binding-screws are provided for introducing the rheostat 
into a circuit; and the resistance which is thus introduced depends 
on the length of wire which 
is wrapped upon the non- 
conducting cylinder, for the 
brass cylinder A has so large 
a section that its resistjiTice 
may be neglected. The 
amount of resistance can 
thus be varied as gradually 
BS we please by winding on 
and ofl". The handle can be 
shifted from one cylinder to 

the other. The figure shows it in the position for winding wire off 
A on to B. The number of convolutions of wire on B can be read off 
on a graduated bar provided for the purpose, and parts of a revolu- 
tion are indicated on a circle at one end. 

Fig. 468 represents a very direct mode of measuring resistances 
by the rheostat. The current traverses a galvanometer B, a rheostat R, 
and the conductor m, whose resistance is to be measured, the whole 

tof the wire of the rheostat 
being wound on the bniss 
^linder. The deflection 
of the galvanometer hav- 
ing been observed, the , 
I conductor m is taken out 
irf circuit, the two wires 
%t a and b are directly 
Konnected, and as much 
'flf the rheostat wire is 
1)n>ught into circuit as suffice 
amount. 

fi43&. Bpeciflc BeBiBtances and Conductivities. — Numerous experi- 
menters have compared the specific resistances of the different metals. 
Though the results thus obtained exhibit some diversity, they all 
agree in making silver, gold, and copper the three best conductors. 
Slight impurities, especially in the case of copper, have a very great 
effect in diminishing conductivity, or, in other words, in increasing 




s to reduce the deflection to its former 



H_«ffect m 
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resistance. Resistance is alao increased, in the caae of metals, hj 
increase of temperature. 

Forbe3 has pointed out that the order of the metab as regards their 
conductivity for heat is the same as for electricity. The effects of 
impurity and of change of temperature are also alike in the two 
cases, as has been recently shown by Professor Tait, 

The following are E. Beciinerel'a determinations of specific elec- 
trical resistance at the temperature 13° C, the resistance of silver at 
0° C being denoted by 100 r— 



saver, . . , 


Specific lUsisTjUiCEB at 15° C. 




Copi-r. . . 
Gold. , . . 

Sdq, . . . 


.... 112 

155 

.... 407 

in 

.... 73* 


Iron, 

Le«d 


. . . ess 

. . . 1218 
. . . 12« 


■no,. . . . 







Ou comparing this list with the list of thermal conductivities, § 333, 
it will be observed that the order is precisely the same as far as the 
comparison extends, and that the numerical values are nearly in 
inverse proportion, showing that electrical and thermal cojiductivi- 
ties are nearly in direct proportion. 

544. Resistance of Liquids. — The resistance 
of liquids can be determined ou similar prin- 
ciples, the current being transmitted between 
two parallel plates of metal immersed in the 
liquid. One form of apparatus for this pur- 
pose is represented in Fig. 469, Care must 
be taken to employ metals which will not 
give rise to electro- motjve force by chemioftl 
action. 

The resistance even of Uie best conducting 
liquids, except mercury, is enormously greater 
than that of metals. For instance, in round 
numbers, tlie re&istAiice of dilut« sulphuric 
acid is a million times, and that of Bolution 
of sulphate of copper ten miUton times grv«ter than that of pure 
silver. The r«sist«uce of purr water is \-ery uucii greater than either 
of tliese. 

Id tlte cells of a galvanic hatt«r^-. tW cunvnt has to traverse liquid 
eoDdoctors, and the resistance of tlieae is aometunea a lai^ put of 
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whole resistance in circuit. It is diminished by bringing the 
plates nearer together, and by increasing their size, since tlie former 
change involves diminution of length, and the latter increase of 
sectional nrea in the liquid conductor to be traversed. Tliis is the 
only advantage of large plates over small ones, the electro- motive 
force being the same for both. The advantage of the double copjjera 
in Wollaston'a battery (§ 515) is similarly explained, the resistance 
with this arrangement being about half what it would be with copper 
on only one side of the zinc, at the same distance. 

645. Calibration of Galvanometer by the Bheostat. — The rheostat 
can be employed for determining the relative values of the deflec- 
tions of a galvanometer. For this purpose the two instruments are 
to be introduced into the circuit of a battery, and in the first instance 
all the wire of the rheostat is to be on the non-conducting cylinder. 
The deflection, which will then be comparatively small, is to be noted. 
Successive lengths of the rheostat wire are then to be wound off, so 
to dimiaish the resistance, and the deflections are to be noted in 
■h ease. If the current, when the whole length I of rheostat wire 
incircuit, be denoted by C, and the currents with lengths l^lj. 
in circuit by C, Cj . . . , and if ?■ denote the resistance of the battery 
and galvanometer, which can be determined by methods already 
explained, we shall have 



c, ^r 



Hence the ratios of the currents C, C,, C, . . . corresponding to the 
observed deHections are known. 

646, Arrangement of Cells in Battery .^Suppose that we have a 
number n of precisely similar cells, each having electro- motive foree e 
and resistance r, and that we connect them in a series, aa in Figs. 

(, 4i6, with a conductor of resistance R joining their poles. The 
lie electro-motive force in the circuit will then be ne, and the 
lie resistance will be nr + R; hence the strength of current 
be 
1 1 



+ R' 



lis formula shows that, if the external resistance R is much greater 
than the resistance in the battery nr, any change in the number of 
cells will produce a nearly proportional change in the current; but 

Htt when the external resistance is much less than that of one cell. 
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as is the case when the poles are connected by a abort thick me, k 
change in the number of cells affects numerator and denominator 
aJmost alike, and produces no sensible change in the current. It n 
impossible, by connecting any number of similar cells in a seria, io 
obtain a current exceeding -, which is precisely the current whidi 
one of the cells would give alone if its plates were well connected 
by a short thick wire. 

It ia possible, however, by a different arrangement of the cells, to 
obtain a current about n times stronger than this, namely, by coo- 



Pif. t7t,— CWto irllk liDulu Flow ami 

necting all the zinc plates to one end of a conductor, and all the 
carbons or coppers to the other end, as in Fig. 470. In the arrange- 
ment of three cells here figured, the current which passes through the 
spiral connecting wire is the sum of the currents which the three cells 
would give separately. The arrangement is equivalent to a single 
cell with plat«s three times as large superficially, and at the same 
distance apart. The electro-motive force with ii cells so arranged ia 
simply f, but the resistance is only ^ + R, so that the current is 



This sj-stem of arrangement may be called arrangivfj the cells as 
<me element It has sometimes been called the arrangement for 
quantity, the at-nuigement in a series being called the arrangemefii 
for intensitj/. 

If in Fig. +70 wt* sulwtitwttj for each of the three cells a eerUf 
conmting of four evils, the el wtro- motive for«e in circuit will be 4 e, 



and the nisistauce i 



■uit will be 5"+^ ^^ ' 
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resistance of 4 r, and three parallel series connected at the ends are 
equivalent to a single series, of the same electro-motive force as one 
of the component series, and of one-third the resistance. The current 
will therefore be 



I 



The question often ariaea. What is the beat manner of grouping a 
given number of cells in order to give the strongest possible current 
through a given external conductor? The answer is, they should be 
so grouped timt the internal and external resistance should be as 
nearly as possible equal; for example, if we have IS cells as above, 
and the resistance R in the given conductor is g- of the resistance of 
one of these cells, the arrangement just described is the best.' 

547. Divided Circuits. — When two or more wires are connected in 
line, that is so as to form one continuous wire, tite resista^ice of the 
■whole is the sum of the resistances of the vAres composing it. 

On the other hand, when two or more wires are arranged side by 
side, and connected at each end, so as to constitute so many indepen- 
dent channels of communication between the ends, the joint resist- 
ance is evidently less than the resistance of any one of the wires. 
When such an arrangement occurs in any part of a circuit, the circuit 
is said to be divided. If the several wirea are of tlie same length 
and material, they act as one wire having a section equal to the sum 
of their sections, and the joint resistance is the quotient of the resist- 
ance of one of the wires by the number of wires. More generally, 
if the reciprocal of the I'esistance of a conductor be called its con- 
ducting power, the conducting power of a system of wires thus cmi- 
nected at both ends ia the sum of the conducting powers of the 
several wires which compose it, Thus, in Fig. 471, if r,, r, denote 
the resistances of the wires acb, adb, their joint resistance B will 
be given by the equation 

' Itutud of 3 snd 4, put z for the number of nriBa, uid jr for the aiunber of celli in a 

•Brio. Then (be mimiDt vtill be r R, uid will VAr; invenely u — -t- — . Nonthepro- 

duotof — mnd - ia given, being tbe quotienC of r R b; the whole number of «Ili ; and when 

the product of two Tariablw is givea, their nim !■ least when they urt equal, and inritiinun 
a* they are made more and more unequal. A> X and y muBt be integen, exact equality 
It gcDcnJly be obtMued, 
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whena B = — -—- 




H S47a. Wheatfltone'fl Bridge. — Iti any wire throagh which a conent 
I m flowing sttadily, without leakage or lateral oflkhnots, the amount 



of the current is equal to the difference of potential between the enda 
of the feirv, divided by At rt^iatanee of the vrire, the units employed 
being the aune as those vhich make C = g for the whole circuit 
llie lame thing is tnw for any potHon of the length of such a wire, 
and, still more geaeraliy, for any portion of • drcott, whether single 
or divided, UrminaUd by equipotential crofs-Bedions, provided tiiat 
DO sotmx of electro-motivo foo:e occurs in it. It follows that, in 
tnvelling along sudi a wire with the current, the fall of pottrntial is 
proporttuoal to the resistance travelled over, or tqvtil/alla of poten- 
tial oecitr in travernng eqtuU renaCanoM. This rale does not apply 
to the eonpariBOD of tbe two independent channels of a divided dr- 
edt, anleM equal camoto are passing through Lhero. It applies to 
theoompansonof any two wins wbkji an convening equal currents, 
and h is not appIicaUe to the oonpAiisoa ev«n of diderent portions 
of tlie nine win iC owing to leakage^ the current is unequal at dif- 
ferent parts of its length. 

Equality of potential in two paints of a divided circuit caa] 
tcMed by obaerring wiietbcr, when they an connected hy « 
T*""*-'. any cnmnt paiwwi betwoan tbcoL This prindple has bera 
appGed hy Wheatstona, TWawwon. and ollwcs, to the mtssurement o( 
riMifinTC and the appantM coftplogred fiir tW pwpose is geneially 
known ■• ITito ft ton t 's iri^ije. It is typically nprasented in fig. 
47»a. 

The poka P, N of a battery an connected hv two 
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diannels of communication A C B, A D J E B, The former is a uniform 
wire; the latter consists of the wire D, whose resistance is to be deter- 
mined, and of a standard resistance- coil K Tiie observation has for 
its inimedinte object to find whnt 
point in the uniform wire AB lias 
the same potential as the junction 
J of the other two. When tliis 
point C is found, and connected 
with J through a galvanometer G, 
no current will pass across, and 

the needle of the galvanometer pig. ivu.— Wiio»uLoiio'>Btidga 

will not move. If a point Ci on 

the positive side of C were connected with J, a current would run 
from Ci to J, and if a point Cj on the negative side were connected, 
the current would be from J to C^ The deflection diminishes aa 
the right point C is approached, and becomes reversed in passing 
it When it is found, we know that the resistances in AC and CB 
liave tlie same ratio aa those of D and E, each of those ratios being 
in fact equal to tlie fall of potential between A and JC divided by 
the fall between JC and B. As the resistance of E is known, and 
the resistiinces of AC, CB are as their lengths, which are indicated 
on a divided scale, the resistance of Q can be computed by simple 
proportion. 

In Wheatstone's original arrangement, the resistances of the 
two portions AC, CB were equal, and the resistances of the other 
two portions A D J, J E B were made equal by the help of a 
rheostat. 

547 B. Difference of Potential of Poles of a Battery. — We have already 
stated that, when the poles of a battery are not connected, the dif- 
ference of their potentials is a measure of the electro-motive force of 
the battery. On connecting them, this difference will be diminished, 
the diminution being greater as the resistance of the connecting wire 
is less. In fact, if the original difference of potential be divided into 
two parts, in the ratio of the external to the intenial resistance, the 
first of these parts will be the fall of potential in the connecting wire 
(in other words, the difference of potential between the poles), and 
the second part will be the sum of the falls which occur in the liquids 
of the battery. 

The annexed diagram (Fig. i7i b] represents the potentials in the 
^^ifierentpartsofacircuitconsistingof a battery of four cells arranged 
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aa ia Fig. 434, with its poles connected by a long wire whose resist- 
ance IB dovhU that of the battery. 

The base-line AC represents the total resistance in circuit, AB 
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being the resiatance of the battery, and SC that of the connecting 
wire. We suppose the negative pole to be connected with the earth 
(which will not affect the current), so that its potential is zero. If 
any other part of the circuit be connected with the earth instead of 
tills, the potentials here indicated must all be diminished by a con- 
stant quantity. 

The potential rises suddenly in passing from the first zinc to the 
acid in contact with it. Thence it falls gradually to the copper, 
which may be regarded as having the same potential with the part 
of the acid in contact with it, and also with tlie zinc of the second 
cell which is in metallic connection with it These two suppositions 
are probably not qwite correct, as there is reason to believe that some 
difference of potential always exists between dissimilar substances 
in contact, but for our present purpose these small differences may be 
neglected. Similar changes of potential occur in travelling through 
the other cells, and in each instance the gradual fall is one-third of 
the sudden rise (if the internal resistance of the battery be half the 
external). The distribution of potential may be stated in tabular 
form as follows, the electro-motive force of each cell being called 3:— 



rZin., . . 


. . 


( Zinc, . 
8d caU j Acid, . 

( Copper, 

i Zinc, . 
«hceU Arid, . 

( Copper, 
Owweotine wire. . 






(copper,. ... 2 






( Copper, . 
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^^^D or twelve represents the whole electro-motive force of the battery ; 
and if the external resistance were infinite, or if the poles were dis- 
connected, the sloping lines marked 3,2 ; 5,4 ; 7,6 ; 9,8 ; would not be 
sloping but horizontal, and would have to be marked 3,3 ; G,C ; 9,9 ; 
12,12. 

547c. Measurement of Resistance of Battery. — The resistance of a 
battery may be measured in various ways, of which we shall only 
describe on& 

Let the poles of the battery be directly connected with a galvano- 
meter whose resistance is either very small or accurately known, and 
let the deflection be noted. Then let a wire of known resistance be 
introduced into the circuit, and the deflection again noted. The two 
cuiTents thus measured will be inversely as the resistances, since the 
electro- motive force is the same in both cases. Let the resistance of 
the galvanometer coil be denoted by G, that of the wire introduced 
in the second case by \V, and tliat of the battei-y by x. Then if the 
amounts of current be denoted by Cj, Cj, we have q' = — x+g — ' 
whence x can be determined. 

548. Choice of Galvanometer. — The circumstances which should 
influence the choice of a galvanometer coil for a particular purpose, 
will now be intelligible. If stout wire is employed, tlie resistance ia 
small, but it is not practicable to multiply convolutions to any great 
extent. Short coils of thick wire are accordingly employed in con- 
nection with thermo-piles, the resistance in the pile itself being so 
small that the total resistance in circuit is nearly propoi'tional to the 
number of convolutions. 

When, on the other hand, the resistance in the other parts of the 
circuit is very considerable, the resistance of the galvanometer coil 
becomes comparatively immaterial, so that, within moderate limits, 
the deflection of the needle is nearly proportional to the number of 
convolutions, and a coil composed of a great length of wire will give 
the maximum efl'ect. 

In both cases, for a given length and diameter of wire, the sen- 
sibility increases with the conductivity of the metal composing the 
wire. Copper is the metal universally employed, and its purity is 
of immense importance for purposes of delicacy, as impurities often 
increase its resistance by 50 or even 100 per cent 

649. Meaeurement of Electro-motive Force. — The most direct mode 
tf comparing the electro -motive forces of cells of different kinds, would 
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be to observe how many cells of the one kind arranged in series must 
be Apposed to a given number of the other kind, in order that the 
resultant electro- motive force may be nil as indicated by the absence 
of deflection in a galvanometer forming part of the circuit For 
example, if two Daniell s cells and one Grove's ceil be connected with 
each other and with a galvanometer, in such a manner that the cur- 
rent due to the Daniell is in one direction, and that due to the Grove 
is in the opposite direction, the current actually produced will be in 
the direction of the greater electro- motive forca It will thus be 
shown whether the electro- motive force of a Grove's cell is more or 
less than double that of a Dauiella This method has not been much 
used. 

Another method of comparison consists in 6rst connecting the two 
cells to be compared, so that their electro-motive forces tend the same 
way, and then again connecting them, so that they tend opposite 
ways, the resulting current being observed in both ca^es with the 
same galvanometer. The resistance in cii-cuit is the same in botli 
cases, being the resistance of the galvanometer plus the sum of the 
resistances of the cells; hence the currents will be simply as the 
electro-motive forces, that is to say, ajs Ej-|-E, to E, — Ej, if E, and 
E| denote the electro-motive forces of the cells. Hence the ratio of 
E| to Ef is easily computed. 

Another method, which has been employed by Jules Regnault, is 





tllail— 'i' b.v Fig. ■472. It consists in balancing the electromotive 
^uTkbtfCtftl P which is to be tested, by that of a series of thermo- 
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electric elements, the number of which can be varied at pleasura 
A is a thermo-electric pile, consisting of sixty elements of bismuth 
and copper, with their opposite junctions maintained at 0"* and 100"* C. 
Any number of these can be included in the circuit by moving the 
slider a, and the direction of the current which they tend to produce 
is opposite to that due to the cell P. As sixty thermo-electric ele- 
ments would not be enough to balance one ordinary cell, some 
auxiliary cells o o of feeble electro-motive force, which has been pre- 
viously determined, are employed to assist in opposing the cell P. 
It has thus been found that one DanielFs cell has the electro-motive 
force of about 174 of these thermo-electric elementa 

Electro-motive force may also be measured statically by means of 
Thomson's quadrant electrometer, the poles of the battery being 
connected with the two chief electrodes of the instrument, in which 
arrangement no current will pass, and the electro-motive force will 
be directly indicated by the difference of potential observed 

According to Latimer Clark, the electro-motive forces of a cell of 
Grove, Bunsen, Daniell, and WoUaston are approximately as 100, 98, 
56, and 46; but the last of these, being a one-fluid battery, is liable 
to fall off 50 per cent or more, owing to the deposition of hydrogen 
on the copper plata 
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Oai. Ueaning of EleetTO-dyLamics. — A wire through wliich a cur- 
rent 18 passing, is found to be ca|)able of producing movements in 
other wires also conveying currents. The theory of these inove- 
iiients, or moregenerally, of (AemecAanicai actions of currents upon 
one unolher, constitutes a distinct branch of electrical science, and is 
called electro-dtfTuimics. It stands in very close relation to eleclro- 
magnetiam; and if the laws of either of the two sciences are given, 
those of the other may be deduced as consequences. 

The science of electro-dynamics was founded by Ampfere. Figa 
+73, 47* represent an arrangement which he devised for rendering 
a conductor movable with- 
out interruption of the cur- 
rent conveyed by it 

A wire is bent into the 
form of a nearly complete 
rectangle, and its two ends, 
terminate in points, one 
above the other, so arranged 
that a vertical through UiB 
centre of gravity passM 
throiigh them both. Ac- 
cordingly, if either or both 
of these points be supported, 
the wire can turn freely about this vertical as axis. The points 
dip into two small metallic cups x y containing mercury, and the 
weight 18 usually borne by the upper point alone, which touches 
the bottom of its cup. The cups are attached to two horizontal 
uruis of metal, supported on inetalhc pillars, which can be con* 
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Dected with the two terminals of a battery. Tlie wire thus fonns 
part of the circuit, the curreat being down one side of the rectangle 
and up the other. Instead of 
the rectangular the circular 
form may be employed, as iu 
Fig. 475. 

If a magnet be placed be- 
neath, as in Fig. 474, the wire 
frame will set its plane perpen- 
dicular to the length of the 
magnet, the relative {x>sition 
assumed being the same as if 
the wire frame were fixed, and 
the magnet freely suspended, 
if we neglect the disturbing 
effect of the earth's mag- 
netism. 

652. Mutual Forces between Conductors conveying Currents. — The 
following elementary laws, regarding the mutual forces exerted be- 
tween conductors through which currents are pass- 
ing, wei'e established by Ampfere. For brevity oi 
expi-ession. it ia usual to speak, in this sense, of the 
mtUual forces between cur^-ent3, or of the mutual 
medtanical action of currents. Il |1 

L Succesaive portions of the same rectilinear 
current repel one.another} 

This is proved by the aid of two troughs of mer- 
cury separated by a partition (Fig. 476). A var- 
nished wire is bent into such a form that two portions of it can float 
on the surface of the mercury in the two troughs, while connected 
with each other by an arc passing 
over the partition. The only por- 
tions without varnish are the ends. 
When the terminals of a battery are 
inserted in the mercury, op|)osite 
the ends, as shown in the figure, 
the circuit is completed through the wire, and repulsion is exhibited, 
the wire moving away to the further end of the vessel. 

livenoll; accepted, uiit can icatcelj be reguiled u resting an 
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II. Parallel currents, if in the same direction, attract, and if in 
the opposite direction, repel each other. 

The apparatus employed for demonstrftting this twofold proposi- 
tion, consists of two metallic pillars t, v (Fig. 477J, wiiich are respec- 
tively connected at their upper ends witli the two cups of mercury x, y. 
Tlie rectangular conductor abode is suspended with its terminal 
points in these cups so as to complete the circuit between the pillars. 
When the current is passed, this movaUe conductor always places 
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itself so that its plane coincides with that of the two pillara, and ao 
that currents in the same direction in the pillars and in the wire are 
next each other, as shown in the Bgure. 

For establishing repulsion, a slightly different form of wire is 
employed, which is represented in Fig. 478. When this is hung from 
the cups, in tlie position wliicli the figure indicates, the currents in 
the pillars are in opfKisite directions to those in the neighbouring 
portions of the movable conductor, and the latter accordingly turns 
away until it is stopped by the collision of the wires above. 

III. Currents whose directions are incliiied to each other at any 
ai^le, attract each otlier if they both JUnv towards the vertex of the 
angle} or if they both flow from it, and repel e-tch other if one of 
them flows towards the angle, and the other from it. 

A consequence of this Inw is that two currents, aa AB, DC (Fig. 
479), crossing one another near O in different planes, tend to set 
themselves parallel, and so that their directions shall be the same. 
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For there is attraction between the porlion» AO and DO, and also 
between tbe portions OB and 00; whereas there is repulsion 
between AO and OC, and between 
OB and OD. Accordingly, if the 
movable conductor of Fig. 477 or 
478 be traversed by a current, and 
another wire carrying a current be 
placed horizontally at any angle un- 
derneath its lower xide, the movable 
conductor will turn on its point of 
suspension till it becomes parallel to Fi«.,Tii.-T.r,d.«„i«»t p.«ii^ 
the wire below it; and in the position 

of stable equilibrium the current in its lower side will have the same 
direction as that in the influencing wire. 

S53. CoDtinuonB Rotation prodnoed by a Circular Currant. — Suppose 
we have a current flowing round a circle (Fig. 4S0), and also a current 
flowing along OA, which is approximately a raditw of this circle 
First let the current in OA be from the 
centre towards the circumference, as indi- 
cated in the figure. Then, by law III., OA 
is attracted on one side and repelled on the 
other, both forces combining to make UA 
sweep round the circle in the opposite direc- 
tion to that in which the circular current is 
flowing. If the current in.OA were from 
circumference to centre, the tendency would 
be for OA to sweep round the circle in the . 
same direction as the circular current. 

The reasoning still holds if A is in a plane parallel to that of tlie 
»tilar current. being a point on the axis of the circle and the 
;th of A being not greater than the radius. 

\Jk. circular current may also produce continuous rotation in a con- 
ir parallel to the axis of the circle, and movable round that 
Fig. 481 represents an arrangement for obtaining this effect. 

A coil of wire through which a current can be sent, is wound round 
the copper ba^in £F, its extremities being connected with the bind- 
ing-screws m, 0. From the centre of the basin rises the little 
metallic pillar A, terminating above in a cup containing mercury. 
This pillar is connected with the binding-screw n. The basin, which 

connected with the binding-screw p, contains water mixed with & 
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little acid to improve its conducting power, and a movuble cooductor 
BC rests, by a point, on tbe bottom of the cup of mercury, wbile its 
lowest portion, which couiiiats of ft light Loop, dips in the acidulated 
water. By connecting m and n a single circuit is obtained, of which 




o and p are the tviininalit, au that if o i» cunnei^ted witli the positive 
and p with tlie negative pole of a battery, the current entering at o 
first traverses the wire coil, then ascends the pillar A, returns down 
the sides B, C to the floating ring and liquid, and so escapes to p. 
As soon as these connections have been completed, the movable con- 
ductor commences continuous rotation in the direction opposite to 
that of the current in the coil. 

If, instead of connecting m and it, we connect n and o, and lead 
the positive wire from thu battery to p and the negative wire to 0, 
the course of the current will be from p to the acid, thence up the 
sides B, C, and inwards along the top of the movable conductor to tbe 
mercury cup, then down the pillar to n, thence to 0. and through the 
coil from o to m in the same direction as in the foi'mer experinoent; 
but the rotation of the movable conductor will now occur in the 
opposite direction to tliat before observed, and therefore in tbe same 
direction as the current. 

554. Action of an Indefinite' Rectilinear Correut upon a Finite Cm- 
rent movable around one Extremity. — A tinite current movable about 
one extremity nmy also be caused to rotate continuously about thin 
extremity by the action of an indefinite rectilinear cun-ent. This is 
clearly indicated by Fig. 482. in the right-hand diagram, the cur- 

I The word indtfinilt, in thii «pp!i™tioii, limply mcam 0} ynat In^tA in tmnparuun m(A 
tin dittanct and Ui^^ 1^ tkt morahlt eurrtnt. 
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flowing outwards from the centre of mution O, and acted 
indefinite current MN, is first attracted into tlie position 
In this new position it ia repelled by n N, and attracted by 
It is thus brought successively into the positions A", OA'", 
In this hist- 
mentioned position, 
the two currents being 
parallel and opposite, 
there is repulsion; ami 
after passing it, there 
is again repulsion on 
one side and attraction 
on the other, till it is 
carried round to its 
first position OA. It 
is thus kept in con- 
tinual rotation. If the movable cun'eiit flows inwai'ds to the centre ' 
of motion O, as in the left-hand diagi-am, while the dii-ection of the 
indefinite current is the same as before, the direction of rotation will 
be reversed. 

55S. Action of an Indefinite Rectilinear Current on a Finite Current 
Perpendicular to it. — Let MN, in the upper half of Fig. 4S3, be an 
indefinite rectilinear current, and 
AD a portion of another current 
either in the same or in any other 
plane. In the latter case let D C 
be the common perpendicular. 
Then, if the currents have the 
directions represented by the ar- 
rows, an element at p will attract 
an element at m. with a force 
which we may represent by a line 
m/'; and an element at p' equal to 
that at p and situated at the same 
distance from C on the otlier side, 
will repel the element at m with """" ' 

an equal force, represented by m/. Constructing the parallelogram 
of forces, the resultant force of these two elements upon m is repre- 
sented by the diagonal m F, which is parallel to M N and in the 
opposite direction to the indefinite current As tbie reasoning applies 
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to alt the elements of both currents, it follows that the current AB 
will experience a force tending to give it a motion of tranBlation 
parallel to MN. Tliis motion will be opposite to the direction of the 
indefinite current when the direction of the finite current is towards 
the common perpendicular DC, as in the upper diagram, and will be 
in the same direction as the indefinite current when the direcUon of 
the finite current is from the common perpendicular, as in the lower 
diagram. 

566, Action upon a Bectangular Current movable about an Axis 
Perpendicular to an Indefinite Current, — It followa from the preceding 
section thiit if a finite cnnoiit AB (Fig. 48t), per|iendictilar 







indefinite current, is movable round an axis 00' parallel to itself, tlie 
plane A B 0' will place itself parallel to the indefinite current, and 
AB will place itself in advance or in rear of the axia according aa 
the current in A B is from or towards the indefinite current. 

If a pair of parallel and opposite currents BA, A'B', rigidly con- 
nected together, and movable round the axis 00' lying between them, 
are submitted to the action of the indefinite current, the forces upon 
thera will conspire to pliice the system in the position indicated in 

the figure. If the two currents A B, A'B' are 

both in the same direction, their tendencies 
to revolve round the axis 00' will counteract 
eacli otiier. 

657. Action upon a Rectangular Currant 

movable round an Axis Perpendicular to an 

Indefinite Current. — If a rectangular current 

(Fig. +S5) is movable round an axis oo' per- 

"by ft^un^ulu Cum™ i>endicular to the directinn of the indefinite 

rectilineal current, we have just seen that the 

action upon the two sides of the rectangle which are perpendicular 

to the latter, tends to place the system so that its plane shaU&vJ 
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parallel to the indefinite current, and that the aide which carries the 
receding cuiTent shall be in advance of the other. The action upon 
the near side of the rectangle contributes to produce the same effect, 
since this side tends to set itself panillel to the influencing current, 
and so that the directions of the two shall be the same. 

The action upon the further aide of the rectangle tends to produce 
an opposite effect; but, in consequence of the greater distance, this 
action is feebler than thai upon the near side. Tlie system accord- 
ingly tends to take the position of stable equilibrium represented in 
the right-hand half of the figure. The dingi-am on the left hand 
represents a position of unstable equilibrium. 

What is here proved for a rectangular current, is true for any 
closed plane circuit movable round an axis of symmetry perpendicular 
to an indefinite rectilinear current; that is to say, any such circuit 
tends to place itself so that the current in the near side of it is in 
the same direction as the indefinite current. 

The results of § 556 can be verified exi«rin)entally by the aid of 
the apparatus represented in Fig. 486. CC, DD are two cups (shown 
in section) surrounding the me- 
tallic pillar AB at its upper and 
lower enils, and containirig a con- 
ducting liquid. The lower cup is 
insulated from the pillar, and con- 
nected with the binding-screw g. 
The liquid in the upper cup CO 
is connected witli the upper end 
of the pillar by the bent arm d m. ~"" -J 
oK is a light horizontal rod sup- -^"^ 

ported on a point at B, and carry- FinBS.-Po.iu™i»ua«db»v.rti«ictinmt. 
ing a counterpoise K at one end, 

while the other carries a wire mnop, whose two ends utti and op 
descend vertically into the two cups, the middle portion of the wire 
being wrapped tightly round the rod. The binding-screw / is con- 
nected with the lower end of the pillar. If a current enters at / and 
leaves at g, its direction in the long vertical wire oj) will be descending; 
and it will be ascending, if the connections are reversed. By sending 
a current at the same time through a long horizontal wire in the 
neighbourhood of the system, movements will be obtained in accord- 
ance with the foregoing conclusions. 

668. Binnoua Currents. — A sinuous current exhibits the same action 
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as a rectilinear current, provided that tliey nowhere deviate far from 
each other. This principle can be exemplified by bringing near to a 
movable conductor (Fig. 487) another conductor conaiating of a wire 
doubled back upon itself, having one of its portions straight, and the 
other ainuous, but very near the first. A current sent through this 
double wire traveraea the straight and the sinuous portions in oppo- 
site directiona, and it will be found that their joint effect upon the 
movable conductor is inappreciable. 

This principle holds not only for rectilinear currents but for cur- 
rents of any form, and is very extensively employed in the analytical 
investigations of electro- dynamics. In computing the action exer- 
cised by or upon a conductor of any form, it is generally convenient 
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to substitute for the conductor itself an imaginary conductor, nearly 
coincident with it, and consisting of a succession of short straight 
portions at right angles to one another (Fig. 48S). 

659. Mataal Action of Two Elementg of Currents. — Ampere based 
his analytical investigations on the assumption that the action exer- 
cised by an element {i. e. a very short portion) of one current upon an 
element of another, consists of a single force directed along the join- 
ing line. This assumption conducted him to a formula for the' amount 
of this force, which has been found to give true results in every case 
capable of being tested by experiment. Nevertheless, it is by no 
means certain that either Ainpfere'a formula or his fundamental 
assumption is true. Other assumptions have been made, leading to 
other forraulffi in contradiction to that of Ampere, which also g 
true results in every case capable of being experimentally t 



I also give j 
lly test^J 



^ MUTUAL ACTION'S BETWEEN ELKMENTS. 689 

The fact is that experiraents can only be performed vith complete 
circuits, and the contradiction^ which subsist between the different 
assumptions, in the case of the seveml parts of a circuit, vanish when 
the circuit is considered as a whole. All tlie foi-DiulEe, however, agree 
in making the mutual force or forces between two elements vary 
tversely as the square of their distance, and directly as the products 
Kthe currents which pass through them. Professor Clerk Maxwell' 
»rds all assumptions as to mutual actions between elements at a 
tance, and employs the principle that a circuit conveying a current 
rays tends to move in such a manner as to increase tlie number of 
ignetic force-tubes (in the sense of § 445 h) which pass through it. 
The work done in any displacement is measured by the number of 
tubes tlius added ; but tubes which cross the circuit in the opposite 
direction to those due to the current in the circuit are to be regarded 
as negative. 

We have seen (§ S31 A, b) that the lines of magnetic force due to 

^^ current are circles surrounding it; and also that, when a line of 

^^Mgnetic force cuts a current, the latter experiences a force tending 

^Hb move it at right angles to the plane of iu$etf and the line of force. 

^Tn the case of two pamllel currents, each is cut at right angles by the 

lines of magnetic force due to tlie other ; the direction of the force 

experienced by either current is therefore directly to or from the 

other current ; and the criterion of § 531 B will be found to indicate 

attraction wlien the directions of the currents are the same, and 

repulsion when they are opposite. 

»In Fig. 480 the lines of magnetic force cut OA in a direction 
rpendicular to the plane of the diagram, OA accordingly experi- 
ees a force perpendicular to its own length in the plane of the 
diagram; and the same remarks apply to A B in Fig. 484. All the 
experimental facts above detailed are in fact thus explicable In the 
experiment of Fig. 476, where the application is scarcely so obvious 
I in the other cases, the observed motion may be deduced from the 
ition in whicii tlie bridge or arc connecting the two side-wires is 
( by the lines of force.* 

, Action of the Earth on Currenta. — In virtue of terrestrial 

[netism, movable circuits, when left to themselves, take up de- 

lite positions liaving well-marked relations to the lines of terrestrial 

'On F»ridiiy"» Linm of Force." Cunb. Tt»iu. 1858, p, 50. 
PBonu fiirther reinorkH on the force! elperionoml bj currenU in inagnetic Seldi will bg 
A in C3np. lii. 
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magiietiic force. For example, in the apparatus of Fig. 486, ttiever' 
tical wire op will place itself to tlie'west or east (magnetic) of itx 
pillar AB, according as the current in op ia ascending or descending. 
This effect is due to the horizontal component of teirestrixJ mag- 
netiam. 

In the apparatus of Fig. 481, if the current be sent only through 
the movable portion, continuous rotation will be produced, vrhicl ml! 
be with or against the hands of a watch according as the current in 
the top wires is inwards or outwards. This effect is due to the va- 
tical component of the earth's magnetism, acting oq the currents in 
the horizontal wires. Vertical lines of magnetic force falling on ft 
horizontal current give the latter a tendency to move perpendiculu 
to its own length in a horizontal plane. 

561. flolenoidB. — If we suspend from Ampere's stand (Fig. 473) ft 
plane circuit, whether rectangular or circular, it will place itself 
perpendicular to the magnetic meridian, in such a manner that tte 
current in its lower aide is from east to west; or, in other wonK w 
that the ascending current is in its western and the descending cur- 
rent in its eastern side ; this effect being due to the action of Uie 
horizontal component of terrestrial magnetism upon the asceudiug 
and descending parts of the current If, then, we have a number 
of such circuits, rigidly connected together at right angles to a com- 
mon axis, and with their currents all circulating the same way, their 
common axis will tend to place itself in the miiguetic meridian, like 
the axis of u. magnet Such a 
J , <J|a ^ ^ system was called by Ampere a 

A A A "A A A A A hl\l\7\ ^^^""^'"^ ("•^^y. a tube), and was 
UUUUUUUUUUUU realized by him in the foUowing 



Imagine a wire bent into such 
a shape as to consist of a number 
of rings united to each other by 
straight portions. It will differ 
from a theoretical solenoid only 
Fig. 4Bi.-8DiBnouu ^y having currents in these 

straight portions; but if th» 
two ends of the wire be carried back till they nearly meet in 
the middle of the length, as shown at A and B (Fig. 491), the >. 
currents in these returning portions, being opposite to those in 
the other straight portions, will destroy their effect, and the re- 
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Int electro-dynamic action of the system will be simply due to 
currents in the rings. The same effect is more conveniently 
obtained by substituting for the rings and intermediate straight 
portions, a helix, which, by the principles of sinuous currents, is 
equivalent to them. Each spire of the helix represents a circle 
perpendicular to the axia, together with a straight portion parallel 
to the axis and equal to 
the distance between two 
spires. The effect of all 
the stmight portions is 
exactly destroyed by the 
wires which return from 
the ends of the helix and 
meet in the middle. This 
arrangement, which ia re- 
presented at C, is that 
which is universally 
adopted, the returning 

wires being sometimes in ""^ ^-' ~ 

the axis, and sometimes , "' 

on the outside of the ^-''^ 

*>^l"f- Fig. »S2,-Ori«nliillon of BolanuiiL 

If a solenoid, thus con- 
structed, be suspended on an Ampere's stand, as in Fig. 492, and a 
current selit through it, it will immediately place its axis parallel 
to a declination needle. It may accord- 
ingly he said to have poles. In Fig. I 
i93, A represents the austral or north- 
seeking, B the boreal or south-seeking 
pole of the solenoid ; that is to say. the 
direction of the current is against or | 
with tlie hands of a watch according as ^^^ i9s.— Puiwotsoieroio. 

the austral or boreal pole is presented 
to the observer. The same difference is illustrated by Fig. 492. 

662. Dip of Solenoid. — If a solenoid could he balanced so as to be 
perfectly free to move about its centre of gravity, it would place ita 
axis parallel to the dipping-needle The experiment would be 
scarcely practicable with a solenoid properly so called, on account of 
ita weight; but it can be performed with a single plane circuit, such 

that shown in Fig. 49i. If such a circuit is nicely balanced about 
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an axis through its centre of gravity, and placed so that it can turn 
freely in tlie plane of the magnetic meridian, the ]nisaing of a current 
througli it will cause it to set its plane perpendicular to the direction 
of a dipping-needle. 
This effect is due to 
the action of terrestrial 
magnetism on the upper 
and lower aides of the 
rectangle. The plane 
of the rectangle is re- 
presented in the figure 
as coinciding with the 
direction of dip. In 
this position tlie action 
of ten-estrial magnet- 
ism urges the upper 
wirle backwards, and 
i 111' lower side forwards, 
ainl stable equilibrium 
will be attained when 
tlie rectangle has turned 
through 90°. 

S63. Uutual Actions of Solenoids. — Solenoids behave like magnets 

not only aa regai'ds the forces which they experience from terrestrial 

magnetism, but also as regards the actions which they exert upon 

one another. The similar poles of two solen- 

^^k^ ^fm^ ^'^^^ repel, and the unlike poles attract each 

^HbB| |U|aK other, a^ we may easily prove by suspending 

^^^^B ^^^H one solenoid from an Ampere's stand and 

A f^^^ bringing another near it. 

The reason of these attractions and re- 
pulsions is illustrated by Fig 495. If two 
austral poles are placed opposite each other, 
as in the upper part of the figure, the cur- 
rents are circulating round them in opposite 
~~ " directions, and. by the laws of parallel cur- 

Fig. 4fli.-Mi^u«.K\rtion o( rents, should therefore repel each other ; 
whereas if two dissimilar poles he placed 
face to face, the currents which circulate round them are in the same 
direction, and attraction should therefore ensue. 




Fig. 194. 
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Lastly, if one pole of an ordinary magnet be brought near one pole 
of a suapended solenoid, as in Fig. 406, repulsion or attraction will 
be exhibited according as the poles in qm-Ktinn are similar or dis- 
similar. In the position represented 
in the figui'e, this action is mainly due 
to the action of the boreal pole of the 
magnet upon the descending currents 
in the near side of the solenoid. This 
action consists in a force to the left 
hand, nearly parallel to the axis of 
the solenoid, which tends to make the 
solenoid rotate about its supports, and 
thus to bring the end A of the solen- 
oid into contact with the end B of 
the magnet. 

It may be shown, by the aid of 
Ampere's formula for the mutual force 

between two elements, that the mu- 

tual action of two solenoids is equi- 
valent to four forces, directed along lines joining the poles of the 
solenoids, and varying inversely as the squares of the distances 
between the poles; the forces between similar poles being repulsive, 
and the other two attractive, The analogy between solenoids and 
magnets is thus complete. 

664. Astatic Cirouita. — -When it is desired to eliminate the influence 

1 

— il .1 





of terrestrial magnetism in electro- dynamic ex])eriments, an astatic 
circuit may be employed as the movable conductor. Two such cir- 
cuits are represented in the accompanying figures (Figs. 497, 498). 
In each of them the current in one half of the circuit circulates with, 
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and in the other against the hands of s watch, thus producing 
equal and opposite tendencies to orientation, which destroy one 
another. 

565. Ampdre's Theory of HagnetiBm. — In accordance with the pre- 
ceding facts, Ampere propounded the h^'pothesis that what is called 
magnetism consiste in the existence of electric currents circulating 
round the particles of magnetic bodies. In iron or steel, when 
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an magnetized, according to this theory, the currents around different 
particles have different directions -, but when it is magnetized, the 
directions of all are tlie same. Fig. 499 represents an ideal section 
of a magnetized bar at right angles to the direction of its magnetixa- 
tioiL On the neighbouring faces of any two particles, the currents 
are in opposite directions, lience, by the laws of sinuous currents, 
there is a mutual destruction of force through the whole interior, and 
the resultant effect is the same as if there were currents cu-culating 
round the exterior of the magnet, as represented in Fig. 500. 

Magnetization by influence depends, according to this theory, on 
the tendency of currents to set themselves pai-allel and in similar 
directioHs; and if the substance magnetized possesses coercive force, 
the diieution thus impressed on its currents persists after the influence 
is removed. In soft iron, on the contrary, they resume their 
former irregularity. 

Ampfere's theory of magnetism is in complete accordance with oil 
known facta. But it admits of question whether it is simpler to 
deduce the laws of magnetism and electro-magnetism from those of 
eloclro-dynamics ; or to adopt the reveise order, and deduce the laws 
of electro- dynamics from those of electro-magnetism. 

566. Eotation of a Magnet on its Axis. — The following experiment 
is due to Anipfere. A magnet, loaded with platinum a^ its lower 
end, floats upright in mercury contained in a glass vessel (Fig. 501), 
A cavity is hollowed out in the top of the magnet This contains 
mercury, in which a point dipa On connecting one of the terminals 
of a battery with this point, and the other with the outer edge of the 
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mercury in the vessel, tlie magnet is seen to rotate on its axis. If 
the north-seeking pole ia uppermost, and the positive pole of the 
battery ia connected with the point, the direction of rotation is 
N.ES.W. 

The Amperian explanation of this phenomenon is. that it is due 




F^ftCtion between the outward-flowing current in the mercury 
i the Amperian currents which circulate round the magnet. The 

latter, as represented by the arrows tiC, Cm in Fig. 502, are opposite 
pto watch-hands. The outward-flowing ^ 

f 'Current in CD attracts the current in C m, 
I since they are both directed away from 

the angular point C. and repels the cur- 
f 'tvai in n C. Hence the magnet is made 

to rotate in the direction m C n, opposite 

to that of the Amperian current 

The experiment is sometimes varied by 

making the point dip in the mercury in 

the vessel, the magnet being allowed to 

float freely near it, and a metallic ring *"" "'"R^utL'X"'™ °' 

being immersed at the outer edge of tlie 

mercury, to which the current flows out in all directions from the 

point As soon as the circuit is completed, the magnet begins to 

ypvolve round the point The rotation will be in the same direction 
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afi in the other form of the eKpenment ; that is to say, if the current 
flowa outwards from the point to the edge of the vessel, the direction 
of rotabioD will be opposite to that of tlie Amperian currents in the 
magnet. This ia easily explained by the 
laws of parallel curreata, for the current 
in OC (Fig. 503} attracts the Amperian 
current at m. and the current in D repels 
the current at n. The magnet will there- 
fore move from OD to OC, and will re- 
volve round O in the direction N.E.S,W. 

667. Ma^etization by CorrentB. — Am- 
pere's theory of magnetism leads naturally 
to the conclusion that a bar of iron or eteel 
may be magnetized by means of a cur- 
rent. Arago was the first to estahliab this 
fact, but without a clear apprehension of the conditions necessary 
for success, or of the criterion for determining wbich will be the 
austral, and which the boreal pole. Ampere conceived the idea of 
introducing the needle to be magnetized into the axis of a solenoid, 
and the result cou6rmed his prediction that the poles of the needle 
would be turned the same way as those of the magnetizing helix. 
This is what must happen if the currents in the helix force tlie 
Amperian currents in the bar into parallelism with themselves, 00 
that all rotate the same way. The action, in fact, b precisely aoa^ 
logons to that represented in Fig. 477- 

It is to be remarked that, in this process of m^netization, the 
portions of the currents parallel to the axis of the helix produce no 
effect. Tlie wire through which the current is to be sent may be 
wound like thread upon a reel, returning alternately from end to end, 
and all tlie convolutions wilt contribute to magnetize the bar the same 
way, although it is evident that the helices are in this case alternately 
right-handed and left-handed. The north-seeking and south-seeking 
poles may be in all cases distinguished by the rule that the direction 
in which the current circulates in the coil is gainst watcb-hands as 
seen from the former and with watch-hands as seen from the latter; 
or it may be remembered by the rule, that if I identify my own body 
in imagination with a portion of the wire, and suppose the current 
to enter at my feet, while my face is towaiils the needle, the north- 
seeking pole will be to my left. In 1 and 2 (Fig. 504) a will be the 
austral (or north-seeking), and b the l>oreal pole of the incloaed 
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needle, vheo tbe current in tiie helix has the direction indicated by 
the arrows. 

If the direction ot winding ia changed, iu the manner represented 
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t in 8, BO that, as seen from one end, tlio direction in which the cuiTent 
drculates is in one part with and in another against the hands of a 
watch, consequent points (§ 503) will be formed at the points of 
change. Tlius, if tbe current enters at the left-hand end of the coil, 
tbe points a a will be austral, and the points b b boreal poles. 

668. Electro-magnets. — Arago was the first to observe the effect of 
a current in magnetizing soft iron. On plunging in iron-filings a wire 
through which a very strong current was pas.sing, lie observed that 
the filings clung to the wire, that they placed their length tangen- 
tially to it, and that they fell off when 
the current ceased to pass. Each filing 
was evidently, in this experiment, a little 
magnet placing itself at right angles to the 
current. A cylindrical bar of iron can be 
powerfully magnetized by wrapping round 
it a coil of insulated wire and sending a 
current through this coiL Stout copper 
wire is generally employed for this pur- 
pose. Such an arrangement is called an *■'« '"■~^™^'J"* ^"'" 
electro-mag net 

The bar has often the horse-shoe form, as in Fig, 505, and in this 
e Uie central part is usually left bare. The direction of winding 
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a the ends must be audi that, if the bar were etraightened out, tbe 
I current would circulate io the same direction round every part. This 
I is clearly ehown in the figure. Electro-magnets have been con- 
structed capable of sustaining a load of many tons. 

Besides the enormous power that can be given them, electro- 
magnets have the advantage of being readily made or unmade instan- 
taneously, by completing or interrupting the circuit to which the 
coil belongs. This principle lias received very numerous and varied 
applications, some of which will be mentioned in later chapters. 

669, Residual Magnetism. — When the current round an electro- 
magnet is interrupted, the destruction of the magnetization is not 
complete. Tlie small remaining magnetization is called remajient or 
reaidual magnetism. It is fi-equently sufficiently powerful to retain 
the armatures in contact with the magnet, and thus necessitates the 
employment of opposhig springe, if instantaneous separation ia 
desired. The mere act of separation suffices to destroy the greater 
part of the residual magnetism. 

Fig. 607 represents an electro -magnet EE', furnished with J 




oppo-sing spring g. The armature A, with its lever (, turns abc 
the axis V V. The opposing spring g has one end tixed at K, i 
the other attached to the end ol the lever t. It therefore tends td 
remove the armature from the magnet c and d are two poinl 
whose distance can be regulated, and which serve to limit tbe moT^ 
ments of the armature. 



CHAPTER XLIX. 



HEATIKO EFFECTS OF CURBENTS. 




B70. Heating of Wires. — The heating of a wire by the passage of 
a current may conveniently be exhibited by tlie aid of the apparatus 
represented in Fig, 508. Two uprights mounted on a stand are 
furnished, at different 
heights, with pairs 
of insulated binding- 
screws a a, hV, cc, 
having wires stretched 
between them. A cur- 
rent can tliua be sent 
through any one of 
the wires, by connect- 
ing the terminals of a 
battery with the bind- 
ing-screws at its ex- 
tremities. When this 

is done with a battery of suitable power, the wire is first seen to 
droop in consequence of expansion, then to redden, and 6nally to 
melt, becoming inflamed if the metal is suflicicntty combustible. 

If a file is attached to one of the terminalei of a battery, and the 
other terminal is drawn along the file, a rapid succession of sparks 
will be obtained ; and if the battery be sufficiently powerful, globules 
of incandescent metal will be scattered about with brilliant efl'ect 

671. Joule's Law. — The energy of a current is jointly proportional 

(he quantity of electricity that passes and the electixi-mottve force 
that drives it As tlie numerical measure of a current is the quantity 
of electricity which passes in unit time, it follows that tlie energy of 
a current C lasting for a time t, is £C^, E denoting the electro-motive 
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force. But again, by Ohm's law, E is equal to the product of the 
current C and the whole resistance R. The expression for the enei 
therefore becom^ 



and this energy is all transformed into heat in the cii-cuic, unl 
the current is called upon to perform some other kind of work in 
addition to overcoming the resistance of the circuit It has accord- 
ingly been found, first by Joule, and afterwards by Lenz, Becquerel 
and others, that the formula C'Rt represents the quantity of heat 
generated by a current under ordinary circumstances. The experi- 
ments have usually been conducted by passing a current tbroughi 
spiral of wire immersed in water or alcohol, and observing the ela' 
tion of temperature of the liquid. 

This law of Joule's, liite that of Ohm, may be applied to any 
of a circuit, as well as to the circuit considered as a whole ; that 
Bay, if the circuit consists of parts whose resistances are rj, ) j, . 
the quantities of heat generated in tliem are respectively C* ri 
C^r^t, . . , , and are therefore proportional to tlie resistances r), 
... of the respective parts, since C and t are necessarily the same 
for all. 

672. Relation of Heat in Cirouit to Chemical Action in Battery, — 
The energy of a current, and consequently the heat developed in the 
circuit, is the exact equivalent of the potential energy of chemical 
affinity which runs down in the cells of the battery. This fact, first 
verified approximately by Joule, haa been more accurately confirmed 
by the experiments of Favre, who introduced into the muffle of his 
mercurial calorimeter, already described and figured in § 351, a small 
voltaic cell with its poles connected by a fine wire. He found that^ 
the consumption of 33 grammes of zinc in the cell corresponded 
generation of lieat amounting to 18,796 gramme-degrees. But 
chemical action in the cell is complex. The 33 grammes of zinc lii 
with 8 grammes of oxygen, and in so doing generate 42,451 
degrees. The combination of these 4 1 gi'ammes of oxide of 
40 grammes of sulphuric acid, produces 10,456 gramme-d( 
making in all 52,907. But an equivalent of water undergoes di 
position, and this absorbs 34.463, which must be subtracted I 
above sum, leaving 18,144 gramme-degrees as the balance 
generated in the whole complex action. The heat actually obsei 
in the experiment, agreed almost precisely with this calcolai 
amount. 
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II 573. Distribution of Heat in Different Parts of Circuit. — Tljesu 
eX(>criments also served to verify the application of Joule'a law to 
each piii-t of the circuit considered separately. By 'introducing the 
Dell into the mutHe whilst a. spiral of fine wire connecting the poleu 
was outside, and then introducing the spiral while the cell was out- 
side, Favi-e waa able to measure separately the heat generated in the 
cell and in the spiral, and these were found to be proportional to their 
resistances. 

If wires of different diameter or of different electrical conductivity- 
form parts of the same circuit, so as to be traversed by tlie same 
current, the bad conductors will become more heated than the good, 
and tiie tine wires more than the coarse. All parts of the length of 
a uniform wire will be uniformly heated. The sjTecific resistance of 
platinum is ten times greater than thab of copper ; hence ten times 
as much heat will be generated in a platinum as in a copper wire by 
a given current, if the diameters of the two wires be the same. 
^^ The elevation of temperature is gi'eater in a fine than in a coarse 
^Bldre, not only because of its greater resistance, which leads to the 
H .development of a greater quantity of heat in it, but also on account 
of its smaller capacity for heat, and its smaller surface. When the 
current is passed for so short a time that the heat emitted may be 
_ neglected, the elevation of temperature varies directly as the resist- 
^nnce per unit length, and inversely as the capacity per unit length. 
^HEaoh of these quantities varies directly as the section of the wire, 
^ and' hence the elevation of tempei-ature is inversely as the square of 
the section, or as the fourth power of the diameter. 

On the other hand, if the current be continued till the permanent 
temperature is attained, capacity ceases to have any influence, and 
the heat emitted in unit time must be equal to the lieat received. 
If X denote the elevation of temperature, the heat emitted is ap- 
proximately 2 T r B a: by Newton's law (§ 307), B being a constjint 
The heat received is --j, A being another constant By equating 

» these two expressions, we And that i^x is equal to a constant, and 
Iwnce X varies inversely as r', that is, the elevaUon of temperature is 
[aversely as the cube of the diameter. 
To obtain the most rapid production of heat in the circuit con- 
sidered as a whole, we must reduce the resistance to a minimum; 
for the heat produced in unit time is EC, which, by Ohm's law, is 
e same as ^- , and therefore varies inversely as R the total resistance. 
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674. Mechanical Work done by Current. — Favre's experimeDta also 
funiialied a conBrmatiou of the fact, that wben a current is oailed 
upon to perform mecbanical work, the amount of heat generated in 
the circuit is diminished by the equivalent of thia work. He inclosed 
a battery of five celb in the muffle of one calorimeter, and an electro- 
magnet in another calorimeter, the connections between the coil ol 
the electro-magnet and the poles of the battery being made by short 
thick wires whose resistance could be neglected. The electro- magnet 
attracted an armature, and thus raised a weight by means of extonal 
pulleys. 

It was found that when the armature was fixed, so that no 
mechanical work could be perlbrmed, the heat developed was tfas 
precise equivalent of the chemical action which took place in ths 
battery; but when the electro-magnet was allowed to raise the 
weight, the amount of heat indicated by the calorimetera waa sen- 
sibly leas. The difference was measured, and compared with the work 
done in raising the weight. The comparison indicated Hi kilo- 
grammetres of work for each kilogram me- degree of heat that di»- 




appeared, a result which agrees sufiiciently well with the establ 
value of Joule's equivalent (425 kilogram metres). 

676. Electric Light. — When two pointed pieces of a condM 
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II of carbon, such as tliat which is deposited in tlie retorts at gas- 
ks, are connected with the poles of a. powerful battery, as in Fig. 
509, a brilliant light is obtained by bringing them together bo as to 
allow discharge to take place between them. This discharge, when 
once obtained, will not be interrupted by sepai-ating the points to 
some distance, — greater in proportion to the electro-motive force of the 
battery ; and the interval will be occupied by a luminous arch (known 
«s the voltaic arc) of intense brightness and excessively high tempera- 
ture. This brilliant experiment was first performed by Sir Humphrey 
Davy, at the commencement of the present century, with a battery 
of 3000 cells. The light appears to be mainly due to the incandes- 
cence of particles of carbon which traverse the space between the 
lioints. 

This transport of particles can be rendered visible to a large 
number of spectators by throwing an image of the heated points on 
s screen with the aid of a lens. Fig. 510 represents the image thus 
obtained, the natural size of the carbons being indicated by the sketch 
at the right hand. On watching the image for some time, incandes- 
cent particles will be observed traversing the length of the arc, some- 
times in one direction and sometimes in the other, the pi-evaihng 
direction being, however, that of the positive current This circum- 
Btaiice, which appears to be connected with the higher tempei-ature 
of the positive terminal, explains the difference between the forma 
assumed by the two carbons. The point of the positive carbon 
becomes concave, while the negative carbon remains pointed and 
wears away less rapidly. This difference is more precisely marked 
when the experiment is performed in vacuo; a kind of cone then 
grows up on the negative carbon, while a conical cavity is formed in 
the positive carbon. These phenomena are leas clearly exhibited in 
air. on ac<M>uut of the combustion occasioned by the presence of 
^oxygen. 

^^Krhe voltaic arc exceeds in temperature as well as in brightness all 

^^Ker artificial sources of heat, Despretz succeeded by its means in 

^^^iog and even volatilizing many substances which had previously 

proved refractory. Carbon itself was softened and bent, welded, and 

apparently reduced to vapour, Tvhich was condensed, in the form of 

black crystalline powder, on the walls of the containing vessel. 

^The voltaic arc must be regarded as an instance of conduction 

4»er than of disruptive discharge, the air being rendered a con- 

bor by the high temperature to which it is raised. Hence it is 
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that, although diacbarge does not commence between the pointotill 
they liave been brought close together, it is not in term [i ted by aub- 
sequeiitly rfiiioving tbtui to a considerable distanco 




The voltaic arc is acted on by a magnet, according to the same 
laws as any other current, M. Quet, by employing a very powerful 
electro -magnet, with its poles at equal distances on oppottite sides of 
the line joining the poiuts, repelled the arc laterally to such an extent 
that it resembled a blowpipe flame (Fig. 511), 

676. Light of the Voltaic Arc. — The light of the voltaic arc has » 
dazzling brilliancy, and attempts were long ago made to 
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Tiie failures of these attempts were due not so much to its greater 
costliness in comparison witb ordinary aonrcea of illumination, as to 
the difficulty of using it effectively. Its 
brilliancy is paini'nlly and even danger- 
ously intense, being liable to injure the 
eyes and produi» headaciies. Its small 
size detracts from its ilturainating power 
— it dazzles rather than illuminates — 
nd it cannot be produced on a sufficiently 
I scale for ordinary purposes of con- 
oience. There is no mean between the 
lence of light and a light of overpower- 
j intensity, 
inhere is, however, one applicatinti in '* " '^J^^Are. **" " 
iSlich these peculiarities of the electric 

^t are positive advantages, penetration being the essential re- 
late; we meim the lighting-up of lighthouses. Here the office 
■ the light is not to render other objects visible, but to be itself 
and in this respect, in hazy weather, the electric light ia 
mnd dpcidedly superior to oil-lamps. 
The electric light is also extensively used for throwing images on 
a. screen in lecture- illustrations, and for producing various luminous 
effects in theatrical exhibitiona It liaa also been successfully em- 
ployed for enabling labourers to carry on their work at night, 

As the carbdns undergo waste by combustion, it is necessary to 
^^nploy some means for keeping them at a nearly constant distance, 
^^B BS to give a steady light. Several different regulators have been 
^Hfeployed for this purpose, all of them depending on the principle 
^"tliat the strength of the current diminishes as the distance, and 
consequently the resistance, increases. We will briefly describe two, 
those of Duboscq and Foucanlt 

B77. Duboacq'a Regulator. — In Duboscq's apparatus (Fig. 512) there 

is a train of wheel-work, driven by a main-spring contained within 

the barrel P, the motion being moderated by means of the revolving 

^^KiB g. The two racks S and T are driven by two wheels attiiched 

^^b the barrel, one of them (the driver of T) having double the radius 

^HFtbe other. One rack thus rises, and the other falls, but the rising 

rack T moves twice as fast as the other. The rack T is that which 

carries the positive carbon c ; the negative carbon c' is fixed to tlie 

piece T', which travels with the rack S. It has been found by 
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of tbe wheel and hinder the machinery from 
carhoDB bum away, tbe resist- 
ance inaeases, the current di- 
minisbe^ and the strength of 
tbe electro- magnet falls off, until 
the opposing spring is able to 
overpower it and raise the ar- 
mature. This unlocks the pallet 
from the wheel, and the racks 
are accordingly driven forward, 
thus bringing the carbons nearer 
together, and increasing the cur- 
rent until tbe electro-magnet 
acquires sufficient power to pre- 
vail over the opposing spring 
and lock the wheel-work again. 

A small lever is provided, for 
stopping or starting the motion 
by band. The armature can 
also be screwed up or down, so 
aa to regulate its minimum dis- 
tance froiQ the electro- magnet 
according to the battery power 
employed. The mechanism is 
inclosed in a metallic box, one 
Bide of which can be removed 
when it is desired to obtain ac- 
cess to the interior. 

678. Foucaalt's Regulator. — 
Foucault's latest form of regu- 
lator differs from Duboscq's in 
having two systems of wheel- 
work, one for bringing tlie car- 
bons nearer togetiier, and the 
other for moving them further 
apart. Fig. 513 represents the 
apparatus, with the omission of 

a few intermediate wheels. L' p^^ si5.-fo«ciu1i' 

is a barrel driven by a spring 
kcloaed within it, and driving several intermediate 
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inoimnit its motion to the fly o. L is the second bvrel, driven b^* 
Ktroiiger spring, and driving in like manner the fly o'. Tbe tadu 
which carry ttie carbons work with toothed wheels attached to tlie 
Iwrrel L', tli« wheel for the positive carbon having doable thediainetM- 
of tho other, as in Duboscq's arrangement above described. The 
current enters at the binding-screw C, traverses tlie coil of Ute electro- 
inflfinet E, and jutases througli the wheel-work to the rsck D, which 
carrieM tho positive carbon. From the posiUve carboa it passes 
itirongh the voltaic arc to the negative carbon, and thenoe, throngb 
the support II, to the binding-screw connected with the u^ativa 
pole of tho battery. 

Wlien the iinnnture F descends towards the magnet, the other ana 
(»f the levrr K P is raised, and tliis movement is resisted by the spiral 
itpriiig K, which, however, is not attached to the lever in question, 
but to the end of another lever pressing on its upper side and movable 
a)>out tho point X. The lower side of this lever is curved, so that it« 
point of contact with the first lever changes, giving the spring greater 
or less leverage according to the strength of the current In virtue 
of thin arningtiment, wliich is due to Robert Houdin, the armature, 
instead of being placed in one or the other of two positions, as in the 
ordinary fonnx of apparatus, \\wa its position accurately regulated 
jiccordiiig to the strength of the current. Tiie anclior T( is rigidly 
oonnected with the lever FP, and follows its oscillations. If tbe 
current becomes too weak, the head i moves to the right, stops the 
fly o' and releases o, which accordingly revolves, and tlie carbons are 
moved forward. If the current becomes too strong, o is stopped, o' 
is released, and the carbons are drawn back. Wlien the anchor T( 
ifl exactly vertical, both flies are arrested, and the carbons remain 
gtationary. The curvature of the lever on which the spring acta 
tieing very slight, theiOscillations of the armature and anchor are 
mnall and very alight changes in tlie strength of the current and 
ttrilliancy of the light are immediately corrected, The details of the 
MK^Itanism contain some ingenious devices, which our limits do not 
^nuit us to explain. 

978*- Peltier Effect. — When a current is sent through a hetero- 
i|vu<.HHi« I'iix'uit, a peculiar thermal eftect occurs at each juno- 
kiuu. ^\"'' I'i've seen, in Chap, xlv., that the heating of a junction 
(U iM>t\\ a circuit tends to produce a current in a definite dtreo- 
iluib I* w*8 discovered by Peltier that if a current be sent 
UltvWKh IW junction in tkai direction, the junction will be cooled 



THE PELTIER EFFECT. 709 

by it, and that it will be warmed by a current sent in the opposite 
direction. 

If, for example, a current from a battery is sent through an 
ordinary thermo-pile, the junctions at one end will rise in tempera- 
ture, and those at the other end will be depressed. If the battery 
be then removed, and a galvanometer substituted, a current in the 
opposite direction to the former will be indicated by the galvano- 
meter, until equality of temperature has been restored 

The Peltier effect, as it is called, is superadded to the general 
warming due to the overcoming of resistance in the circuit, so that 
the actual temperature attained by a junction depends on both 
causes combined. 



CHAPTER L. 



ELECTRO-MOTORS— TKI.EGBAPHa 



S79. Electro -maginetio Engines. — Electro-magnetic engities are 
driven by means of tlie temporary magnetization of soft iron under 
tlie influence of a current. This magnetization can be destroyed or 
revei-sed with great rapidity; and it is thus possible to produce 
alternate movements of an armature, which can be readily trana- 
formed into other movements by ordinary mechanism. Since 1834, 
when Jacobi of St. Petersburg constructed the first engine of this 
kind, many other inventors have tried their powers in the same 
direction ; but none of these attempts have been commercially sho- 
ce.s.sful, and the idea of employing such engines for any useful pm-pose 
is now almost abandoned. 

The chief reason for this want of success is tbe greater cost of the 
material consumed as compared with the fuel of other engines. A 
pound of zinc costs about fifty times as much as a pound of coal, and 
if the full equivalent in the form of work could be obtained, both for 
the coal burned in a furnace and for the zinc consumed in a battery, 
a pound of coal would yield four times as mnch work as a pound of 
zinc. Hence, if the "efficiency"^ of a heat-engine and of an electric 
engine be the same, the cost of performing a given quantity of work 
will be 200 times greater for the electric engine than for the other. 
It appears, however, that, as regards efficiency, the elect ro-magiietio 
engine may have an advantage of about 4 to 1. This would make 
its work only 50 times as expensive as that of a steam-engine. 

Again, inasmuch as magnetic attractions deci-ease very rapidly 
with increase of distance, it is necessary for efficient working tliat 

' Th»t IB to say, the ratio of the energy utiliwd to the whole enagj eipemlwl. Thja ii 
the "ettiL-iency of an eDginB" in the broaileat leiiae. ITie " cfficiBnoy" of Chap. nxiL 
is «ometime« called, by way of dUtinotion, the "effloieDOy of tbe working fluid." 
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the travel of the driving parts should be very small. This is incon- 
venient from a mechanical point of view. 

Lastly, aa we sliall see in a later chapter, the movement of con- 
ductors in a strong magnetic field causes induced currents which 
strongly oppose the motion. 

We shall proceed to describe two of the most successful electro- 
magnetic engines which have yet been constructed, 

D. Boorbooae'e Bngine, — In the engine of M, Bourhouze (Fig. 
|pl4) the armatures have a reciprocating motion. There are two 




slices, having soft-iron cores in their interior for the lower haJi of 
their length. Two soft-iron rods or plungers travel up and down in 
the space above the cores, and are jointed to a beam which, by means 
of a connecting-rod and crank, turns a fly-wheel. The positive pole 
of a battery is permanently connected with a sliding piece of metal 
which travels to and fro horizontally, so as to be connected with a 
terminal of the left-hand or of the right-hand coil, according as it is 
on the left or the right of its middle position. The upper terminals 
of both coils are permanently connected with the negative pole of the 
battery. The reciprocating movement of the slider is produced by 
an eccentric on the axis of the fly-wheel, like the movement of the 
alide- valve in a steam-engine. 
In the position represented in the figure, the eccentric and slider 
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are nearly at the extremity of tbeir mnge to the left Tlie left 
phingor is then at the middle of its down-stroke. When it 
reaches the bottom, the sliding-piece will be in tlie centre of its 
travel, and the left-hand coil will juat have been disconnected. 
Immediately afterwards, the right-hand coil will be brought into 
circuit, its plunger being at the summit of its path ; and it will con- 
tinue in circuit till the plunger is nearly at the bottom. The electro- 
magneta are thus made and unmade whenever the eccentric passes 
its highest and lowest positions. On account of the shortness of 
the stroke, the beam is prolonged to a considerable distance before 
attaching to it the connecting-rod which drives the crank. 

681. Froment'a Engine. — Froment's i^^ a rotatory engine. It may 




be described as consisting of a wheel, with eight armatures of soft 
iron attached to its circumference at intervals of 45°, rotating under 
the action of four electro-magnets fixed to a cast-iron frame at inter- 
vals of G0°. Each magnet is "made" when an armature comes 
within 15° or 20° of it, and " unmade" as the armature ia passing it. 
The making and breaking of the circuits is effected by means of 
three distributors, one of which is shown on an enlarged scale in 
Fig. 5IG. R is an eight-toothed wheel, fixed to the axis on which 
the armatures revolve, and turning with them. Each tooth, as it 
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[>a,s6es the roller r, pushes it away, and brings the studs m' m into 
contact. As long as they remain in contact, the current circulates 
through the coil with whicli the distributor is connected. The dis- 
tributors are screwed into a metallic arc, which is constantly con- 
nected with one pole of the i ,i 
battery. One of them serves '^^^ /^ 
for the two opposite horizon- i^^^ 
tal magnets, which are made 1 1 
and unmade together. The ^ — -^ 
two lower magnets have one " 

,. ., ° ., Fig. Jia.— DlMribuWr. 

distnbutor apiece. Matters 

are so aiTanged that the current is not cut off from one coil till just 
after it lias commenced to flow in the next. This precaution prevents, 
or at least mitigates, tlie induction-spark which (for reasons to be 
hereafler explained) generally occurs in breaking circuit, and which 
has the mischievous effect of oxidizing the contacts, and thus, after a 
time, dei'anging the movements. 

582. Electric Telegraph: History. — The discovery that electricity 
could be tran.smitted instantaneously to great distances, at once 
suggested the idea of employing it for signalling. Bisliop Watson, 
already referred to in § 4C6, performed several experiments of this 
kind in the neighbourhood of London, the most remarkable being 
the transmission of the discharge of a Leyden-jar through 10,600 
feet of wire suspended between wooden poles at Shooter's Hill. 
This was in 17+7. A plan for an alphabetical telegraph to be worked 
by electricity is minutely described in the Scot' 8 Magazine for 1753, 
but appears to have been never experimentally realized. Lesage, in 
1774, erected at Geneva a telegraph line, consisting of twenty- four 
wires connected with the same number of pith-ball electroscopes, 
each representing a letter. Reusser, in Germany, proposed, in the 
same year, to replace the electroscopes by spangled panes exhibiting 
the letters themselves. The difficulty of managing frictional electri- 
city was, however, sufficient to prevent these and other schemes 
founded on its employment from yielding any useful resulta Volta's 
discoveries, by supplying electricity of a kind more easily retained 
on the conducting wires, afforded much greater facilities for trans- 
mitting signals to a distance. 

Several suggestions were made for receiving-apparatus to exhibit 

the effects of the currents transmitted from a voltaic battery. 

^^mmering of Munich in 1811 proposed a telegraph, in which the 
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flignala were given by the decomposition of water in thirty-five 
vessels, each connected with a Beparate telegraph wire. Ampfere, io 
1820, proposed to utilize CErated'e discovery, by employing twenty- 
four needles, to be deflected by currents seut through the same number 
of wires; and Baron Schilling exhibited in Russia, in 1832, a tele- 
graphic model in which the signals appear to have been given by the 
deflections of a single needle' 

Weber and Gauss carried out this plan in 1833, by leading two 
wires from the observatory of Gottingen to the Physical Cabinet, a 
distance of about 9000 feet. The signals consisted in small deflec- 
tions of a bar-magnet, suspended horizontoUj' with a mirror attached, 
on the plan since adopted in Thomson's minxir galvanometer. 

At their request the subject was earnestly taken Up by Professor 
Steinheil of Munich, whose inventions contributed more perhaps than 
those of any other single individual to render electric telegraphs 
commercially practicable. He wa.% the first to ascertain that earth- 
connections might be made to supersede the use of a return wire. 
He also invented a convenient telegraphic alphabet, in which, as in 
most of the codes since employed, the different letters of the alphabet 
are represented by different combinations of two elementary signala 
Two needles were employed, one or the other of which was deflected 
according as a positive or a negative current was sent, the deflections 
being always to the same side. Sometimes the needles were merely 
observed by eye. sometimes they were made to strike two bells, and 
sometimes to produce dots, by means of capillary- tubes charged with 
ink, on au advancing strip of paper, tJius leaving a permanent recotd 



' The cDDtributiou of Mr. [dov ^ Tnaai) SauUa to Ibe art of tek^nphj iniat not 
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win ismUted and (uipcnileil in tlw ■ir. Hit iilwiiiiiiliij opal 
pMli-bkUi ol ft Canton'i ritt teoto t fninetd bf Hit 
tn the wire. H* ami trjuebraaoiti ivtetMB tt kttwid £■!■ at each end of tk U^ and 
Aarg*<l tlM virt at U> atMtiBg Hkd whwanrdM Itttar to ba iw&abd pused an opii^ 
fnoiJed in a <»*M-: ik* ili tt i a W rtH at A* hr Md tWn dim«^ a^ thna infdm^ tba 
maiw of tk* lawi^i wUA kMr waa daigwalad hj th» aeadtr. Tbe dab 
i>Bpp»d. and mnj iW^l »m» U <iw i*r K tm rn tnt oowiB Xi d Jrf moving tite e<n«r. Ilmlwi' 



«i« atatrMl 

%■!; Ii1 II itraii il 



■ radim 



ba •eaotr. lie Aab mtk ■ 

fmonng theoovar. Hiitfwi' J 

iBHitaiT iDMraBAt. A|M ■ 

TVliiiaiiij JJtaafmaM ■ 

•rincbmctergad «ilk|««. ^ 



■ mSTORY OF ELECTBIC TELEGKAPH. 715 

on the strip in the shape of two rows of dote. Hia currents were 

magneto-electric, like those of Weber and Gauss. 

LThe attraction of an electro- magnet on a movable armature fur- 

Sies another means of signalling. This was the foundation of 
le'a telegraphic system, and was employed by Wheatstone for 

^ag 6. bell to call attention before transmitting a message. 

About the year 1837 electric telegraphs were first established as 

nmercial speculations in three different countriea Steinheil's 
system was carried out at Municli, Morse's in America, and Wheat- 
stone and Cooke's in England. Tlie first telegraphs ever constructed 
for commercial use were laid down by Wheatstone and Cooke, on the 
London and Birmingham and Great Western Railways. The wires, 
which were buried in the earth, were five in number, each acting on 
a separate needle; but the expensiveness of this plan soon led to its 
being given up. The single-needle and double-needle telegraphs of 
the same inventors have been much more extensively used, the former 
requiring only one wire, and the latter two. 

Wheatstone (now Sir Charles Wheatstone) has since contributed 
several important inventions to the art of telegraphy, some of which 
we shall have occasion to mention in later sections. 

583. Batteries. — All the public telegraphs in this country have 
now for many years been worked by voltaic currents ; the magneto- 
^^^tric system, which was tried on some lines, having been found 
^^h involve a needless expenditure of labour. 

^^PAccording to Mr. CuUey,^ engineer-in-chief to the post-office, the 
^Tftttery which has been adopted by the authorities of that depart- 
ment is a modified Daniell's, consisting of a teak trough, divided 
into cells by plates of glass or slate, and well coated with marine 
glue, each cell being divided into two by a slab of porous porcelain. 
The zinc plates mea-sure 4 inches x 2, and the copper plates, which 
are very thin, are 4 inches square The zinc hangs at the upper part 
of its cell, which is filled with dilute solution of sulphate of zinc. 
The copper cell is filled witli a satui'ated solution of sulphate of 
copper, and crystals of this salt are placed at the bottom. The 
expenditure in sulphate of copper is about a pound and a half for 
each cell per annum. 

684, Wiraa.- — The wires for land telegraphs are commonly of what 
1 galvanized iron, that is, iron coated with zinc, supported on 
B by means of glass or porcelain insulators, so contrived that some 
' ffandJoot nf Practical Ttltgmphy, edition 3871, p. IB. 



r 



710 



ELECTRO-MOTOBS — TELEGRAPHS. 



part of the porcelain surface is sbeltered from rain, and inauIaWa tlie 
wires from the poata even in wet weatber. Wires thus auspendeii 
are called air-lines. 

Uuderground wires are, how- 
ever, sometimes employed. They 
are insulated by a coating of 
gutta-percha, and are usually laid 
in pipes, an ari'angenient which 
admits of their being repaired or 
renewed without opening the 
ground except at the drawing-in 
boxes. There is leas leakage of 
electricity from subterranean 
than from air lines, but their cost 
is greater, and tliey are less suited 
for rapid signalling, on account 
of the retardation caused by the 
inductive action between the 
wire and the conducting earth, 
wliich ia similar to that between 
the two coatings of a Leyden jar. 
The early inventors of electric telegraphs supposed that a curreit 
could not be sent from one station to another without a return wire 
to complete the circuit Steinheil. while conducting experiments on 
a milway, with the view of ascertaining whether the rails could be 
employed as lin^ of telegraph, made the discovery that the earUi 
would serve instead of a return wire, and with the advantage of 
diminished i-esistance; the earth, in fact, behaving like a return wire 
of infinitely great cmss-section, and therefore of no resistance. 

We are not, however, to suppose that the current really returns 
from the receiving to the tmnsmitting station through the earth. 
The duty actually perfonned by the earth consists in draining off the 
opposite electricities wliicli would otherwise accumulate in the ter^ 
minals. It keeps the two terminals at the same potential ; and as 
long as this condition is fultiUed, the current will have the same 
strength as if tlie t^nuinab were in a(.-tual contact. 

S84a. 8ingIe>needlQ Teleffraph. — One of the best known tele- 
graphs in this i»Hntrv. though little or not at all employed elsewhere, 
)3 the single-needle instniment of Wheatstoneaad Oooke. represented 
in t'igs. an A, B, the former showing its external af^iearance, and tlie 
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latter its internal arrangements as seen from behind. Tlie needle, 
which is visible in front, ia one of an astatic pair, its fellow being in 
the eenlre of the coil CG When the handle H hangs atrnJght down, 
the instrument is in the position for receiving signals from another 
stabioD. The current from the line-wire enters at L, and, after 





raveraing the coil and deflecting the needle, escapes through the 
earth-wire E, having taken in its course the two tall cod tact-springs 
ft. 

To send a current to another station, the handle H is moved to one 
side, and the current sent will be positive or negative according to 
the side to which the handle is moved. The handle turns the cylin- 
drical arbor ab, which is divided electrically into two parts by an 
insulator in the middle of its length. Each of these parts has a pin 
projecting from it, one pin being above, and the other below. These 
are vertical when the handle is verticaJ, and are then doing no duty : 
but when the handle is put to one aide, the upper pin {which is 
attached to h) makes contact with one of the tall springs t (', at the 
same time pushing it away from the metallic rest k, and thus putting 
it out of connection with the otlier tall spring; while the lower pin 
^^which ia attached to a) makes contact with one of two short springs 



/ 13 ELECTRO-MOTOBS — TELEGRAPHS. 

TT, only one of wliicli is shown in the figure. There is pentuuieai 
connection between a and the negative pole of the battery throng 
the springs, and between 6 and the positivepole through the spring fi". 
In the [josition represented in the figure, a serves to connect the 
negative pole of the battery with the earth, and b serves to connect 
the positive pole with the spring i', down which the current passes 
from the point of contact of the pin, and then through the coil to the 
line-wire at L. Tlie needle of the sending station is thus deflected 
to the same side as that of the receiving station. 

If the handle were moved to the other side, 6 would serve to con- 
nect the positive pole with the earth, and a would establish connec- 
tion between the negative pole and the coil, which is itself connected 
witli the line-wire. 

Since the telegraphs of this country came into the hands of the 
post-office, the alphabet devised by Wiieatstone and Cooke has been 
given up, and tho Morse alphabet, which we give in a later section, 
adopted in its place. In the Morse alphabet, which is now the 
telegraphic alphabet of all nations, the shortest signs are allotted to 
those letters which occur most frequently. This was not the caae 
with the old needle-alphabet, which was rather planned with the 
view of assisting the memory ; and experience has shown that auch 
assistance is quite unnecessary. The needle instrument is also, to a 
great extent, boiny suiiursedwl by Morae's instrument. 

585. Dial Telegraphs. 
— Telegraphs in which 
the ordinary letters of 
the alphabet are ranged 
round the circumfer- 
ence of a dial, and are 
pointed at by a revolv- 
ing hand, are specially 
convenient for those 
who are not profes- 
sional telegraphists 
Thf^y are constructed 
on the principle of step- 
j.^ui: by-step motion, the 

hand being adv&noed 
by successive steps, each representing one current sent or stopped. 
One of the simplest instnimenls of this cUss is Breguet'i 
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ia extensively used on the French railways. FJg. 518 represents the 
exterior of the receiving instrument. The dial is inscribed with the 
25 letters of tlie Fi-ench alphabet and a cross, making 2G signals in 
alL The hand (as in other step-by-step telegraphs) advances only 
in one direction, which is the same as that of the hands of a clock, 
topping before each letter which is to be indicated, and pointing to 
e cross at the end of each word. Fig. 519 shows the mechanism 




f which the motion is produced. A is the armature of an elecbro- 
[net, the magnet itaelf "being removed in the 6gure, to allow the 
r parts to be better seen. The two dotted circles traced on the 
mature represent vertical sections of the two coils, wliich rest on the 
lOttom of the box, and have their axes horizontal. If introduced, 
they would nearly conceal the armature from view. The armature 
turns about a. horizontal axis V V, and is attached to an opposing 
spring which draws it back from the magnet. The tension of this 
spring can be regulated by means of a lever acted on by a key outside 
the box. When a cuiTent is sent, the armature is attracted to the 
magnet; when the current ceases, the spring draws it back; and it 
thus moves continually to and fro during the transmission of a mes- 
sage. An upright arm I is attached to the armature, and carries a 
horizontal arm c, which lies between the two prongs of a fork d, 
represented on a larger scale in Fig. 520. This fork vibrates about 
a horizontal axis ab.to which is attached the vertical pallet i. This 
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pallet acts upon an eHca]iement wlieel 0, toothed in a peculiar wajr, 
the thickneBB of the teeth being only half tlie thickness of the wheel, 
and the teeth on one half of the thickness being opposite the space* 
on the other half The total number of teeth is 2G, thirteen on eadi 
hiilf of the thickness. 

When no current is passing, the paJlet i ia 
engaged wttli one of the teeth on the remote 
jj-^>i7-— ,» side, as represented in Fig 520. When acur- 

^S^~i\y'jF' rent passes, the armature is attracted, and tl« 

*^ pallet is moved over to the near side, thus re- 

leasing the tooth with which it was previously 
engaged, and becoming engaged with the next 
tooth on the near side of the wheel. The wheel, 
whii;h is urged by a clock-movement, thus ad- 
vances jtg- of a revolution ; and tlie hand on the 
dial, being attached to the wheel, moves for- 
ward one letter. When the current ceases, the pallet moves back to 
the remote side, and the hand is advanced another letter. If the 
hand is initially at the cro.'w, it will be advanced to any required 
lott"v h" ■■-> TT"y"_'iiiT Tnfifti'rn tl\nt the number of currents pftw tlie 
number of interruptions shall 
be equal to the number de- 
noting the place of the letter 
in the alphabet To effect 
this arrangement is the offioe 
of the sending instrument, 

586. Sending luBtrnment 
^This is represented in Fig. 
0^1, There is a dial in- 
scribed with 25 letters and 
a cruss, like that of the re- 
ceiving instrument, and an 
arm which can be carried 
round the dial by a handle 
M. There are 26 notches 
cut in the edge of the dial, 
in which a pin attached to 
the movable arm catches ; and the arm is allowed sufficient pl*y to 
and &om the face of the dial to admit of this pin being easily rdeued 
or inserted When tlie pin is in one of tlie notches, tli 
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The action 



is in position for ta-ansmitting the corresponding letter, 
is as follows : — 

A toothed or rather undulated wheel is fixed on the same axis as i 
the revolving arm, and turns with it There are 13 projections and 
IS hollows on its circumference, a few of which are shown in the 
figure where the face is cut away. A bent lever T, movable about 
an axis at a, bears at one end against the circumference of the 
undulated wheel, while its other end playa between two points P, Q, 
and is in contact with one or other of these points whenever its upper | 
end bears a^inst a hollow or a projection, P is in connection with | 
& battery, and Q with the eartb, the undulated wheel being in 
connection with the line-wire. The movement of the handle thus 
produces the requisite number of currents and interruptions. 

687. Alamm.— Besides the sending and receiving apparatus above 
described, each station has an alarum., which is employed to call 
attention before sending a despatch. There are several different 
tdnds. Fig. 522 represents the vibi-atlng ala'i'UTn, which is one of 
the simplest It contains an electro-magnet e, with an armature / 
fixed to the end of an elastic plate. When no current is passing 
througli the coil, the armature 
is held back by the elasticity 
of this plate, so as to press 
against a contact-spring g con- 
nected with the binding-screw 
m. Tlie terminals of the coil 
are at the binding-screws p, p', 
the fonner of which is in con- 
nection with the armature, and 
the latter with the earth. As 
long as the armature presses 

against the spring g, there is f,k .-..■■ > ■> ..■■.:, 

communication between the 

two binding-screws m and p' through the coil ; but the passing oi 
a current produces attraction of the armature, which draws it away 
from g and interrupts the current. The electro- magnet is thus de- 
magnetized, and the armature springs back against 3, so as to allow 
a fresh current to pass. Tlie armature is thus kept in continual 
vibration ; and a hiunmer K, which it carries above, produces re- 
peated strokes on a bell T, 
587a. Wheatstone's Universal Telegraph.— The first step-by-step 




i 
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^M telegraph was invented by Wheatstone ; and the most perfei;t instni- 
^M loent of the class is probably liis "Universal Telegraph," which is 
^m uow in such general use in this country for connecting places of 
^M business. The currents employed are magneto-electric, and are alter- 
H^ nately positive and negative. They produce successive reversals of 
polarity in an electro-magnet, which acts upon a light steel magnet — 
a kind of astatic needle — and causes it to rotate through n large 
uji^le first in one direction, and then in the opposite. Each of these 
rotations causes a ratchet-wheel to advance one tooth, and this 
causes the pointer to advance one letter. At the same lime, the 
turning of the handle by which the currents are generated, causes 
the pointer of the sending instrument to advance one letter for each 
currvnt sent, so that the pointers at the two stations indicate tho 
wiuv letter. The same dial which serves for sending, also serves for 
r«wiving. It is surrounded by a number of keys or buttons, one 
against each letter. When any letter is to be sent, its key is 
dvprossed, the operator continuing all the time to turn the handle 
for generating currents. Pi-evious to putting down a key, these 
ourrwnta complete their circuit within the instrument; but when a 
ke,>' is dt'wn, every current generated travels along the line to the 
Wtwiving station, until the pointers have been advanced .step by step 
to the corresponding letter. As soon as this has been reached, the 
ctirrtmts tu-e again confined to the sending instrument; and the 
pi>inti'i>t will make no farther advance till another key is put down,* 
688. Morse's Telegraph,— Morse's apparatus, fii-st tried in America 
nbviut IS37. is now perhaps the most extensively used of all. 

Hi" ircoiving instrument, or indicator, in its primitive simplicity, 
WDIiumUi {Fig. 623) of an electro-magnet, a lever movable about an 
hxIh, currying a soft-iron armature at one end, and a pencil at the 
iitltor, nntl a strip of paper which is drawn past the pencil by a pMr 
iif rollon. 

Aa iho pencil soon became blunt, and was uncertain in its marking, 
ft (mint, wliich scratched the paper, was substituted This has now 
ht ft ijiviit extent been superseded by an ink-writer, which requires 
thii ovcrtion of less force, and at the same time leaves a more visible 

1189. Rsoeiving InBtromeat.— Fig. 524 represents Morse's indicator 

' kW th« •li>UU< ot tha meduuiUni, nference may ba muje to WbektMone'i Pkl«n^ No. 
llStI yoar IHfitl. A coiwletiKd aocomit will be found in Sabint tm Uu EUctrir. Td^grtfk^ 
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as modified by Digney. A train of clock-work, aot nhown iii iLs 




4igore, drives one of a pair ul luiieLM i. m, ul^uli uiiu* lunwu-J a, strip 
of paper pp forming part of a long roll K. The Bame train turna the 




lintiDg-cylinder H, the siuface of which is kept constantly charged 
" li A thick greasy ink by rolling-contact with the ink-pad L The 
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armature B B' of tlie electro-magnet A is mounted on ao axis at C, 
and carries a style at its extremity .just beneath the printing-cylinder. 
\Vhen a current passes, the armature is attracted, and the style 
presses the piiper against the printing-cylinder, causing a line to be 
printed on it, the length of which depends on the duration of the 
current, as the paper continues to advance without interruption. 
The lines actuiilly employed are of two lengths, one being made as 
short as possible (-), and called a dot, the other being about tliree 
times as long ( — ) and called a dask. The opposing spring D re- 
stores the armature to its original position the moment the current 
ceasea 

690. Key for Transmitting. — Morse's key (Fig. 525) is simply a 
brass lever, mounted 
on a hinge at A, and 
jjressed up by the spring 
f. When the operator 
puts down the key, by 
pressing on the button 
K with his finger, the 
projections c d are 
brought into contact, 
and a current passes 
from the battery-wire P to the line-wire L. When the key ia 
up, the projections ab are in contact, and currents arriving by the 
line-wire pass by the wire R to the indicator or the relay. By 
keeping the key down for a longer or shorter time, a dash or a 
dot is produced at the station to which the signal is sent The dash 
and dot are combined in different ways to indicate the different 
letters, as shown in the following sclieme, which is now generally 
adopted both in Europe and America: — 
Uobbb'b Alphabet. 




Fig.*gs.- 



UnilsntooJ 




A space about equal to the length of a dash is left between two 
letters, and a space of about twice tliis length between two words. 

In needie-teiegraphs, the dot ia represented by a deflection to the 
left, and the daah by a deflection to the right. 

Fig. 526 represents Morse'a indicator in conQectloQ with what is 




I called a relay; that is to say, an apparatus which, on receiving a 

' feeble current from a distance, senda on a much stronger current from 

I battery on the spot. The key E being up, a current arriving by 

the line-wire passes through the key from c to a, thence through 

another wire to the coil of the electro-magnet belonging to the relay, 

I and through this coil to earth. The electromagnet of the relay 
attracts an armature, the contact of which with the magnet com- 
pletes the circuit of the local battery, in which circuit tlie coil belong- 
ing to the indicator is included. The armature of the indicator is 
thus compelled to follow the movements of the armature of the relay. 
Relays are used when the currents which arrive are too much 
enfeebled to give clear indications by direct action. They are also 
frequently introduced at intermediate points in long lines which 
could not otherwise be worked through from end to end. The 
analogy of this use to change of horses on a long journey is the ongin 
of the name. Relays are also frequently used in connection with 
alarums when these are large and powerful. 



I 
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691. Hughes' Printing Telegraph. — The employment of Morse's 
alphabet requires on tlie average about tln-ee currents to be sent per 
letter. The extensaoo of telegraphic service has stimulated the 
industry of inventors to devise means for obtaining more rapid 
transmissioD. Hughes, about 1S59, invented a system which requires 
only one current to be sent for each letter, and which, accordingly, 
sends messages in about a third of the time rcquii-ed by Morse's 
method. Hughes' machine also prints its messages in Roman cliar- 
acters on a strip of pa|ier. These advantages are, however, obtained 
at the expense of extreme complexity in the apparatus employed. 
It is only fit for the use of skilled hands; but it is extensively 
employed on important lines of telegraph. We will proceed to 
indicate the fundamental arrangements of this marvellous piece of 
ingenuity. 

Fig. 527 is a general view of the machine. It is propelled by 
powerful clock-work, with a driving- weight of about 12(1 lbs., and 
with a regulator consisting of a vibrating spring I acting upon « 
'scape-wheeL A travelling weight on the spring can be moved 
towards either end to regulate the quickness of the vibrations. The 
clock-work drives three shafts or axes: (1.) the type-shaft, so called 
because it carries at its extremity the type-wheel T, which has the 
letters of the alphabet engraved in i-elief on its circumference at equal 
distances, except that a blank space occurs at one place instead c 
letter; (2.) the printing-shaft, which turns much faster than 1 
type-shaft, making sometimes 700 revolutions per minute, and c 
ing the fly-wheel V. These two axes are horizontal, and are a 
rately represen ted in Fig, 528 ; (3.) a vertical shaft a, having the a 
velocity as the type-wheel, which drives it by means of bevel-whei 

This vertical sliaft consists of two metallic portions, insulated fl 
each other by an ivory connecting-piece. In the position repreaeol 
in Fig- 528, these two metallic parts are electrically connected \ 
Qtnns of the screw V, but they will be disconnected by raising ^ 
novuble piece v. 

Ttn r«%'olviug arm composed of the pieces v'v is called the chc 
1% KWlvw with the vertical shaft, and travels over a disc I) pierC 
vjtib M Ti—v* boles as there are letters on the type- wheel, these h 
ia a (urcle round the base of the shaft, and at end 
; lh» abaft that the extremity of the chariot ] 
ribnk 1q these boles are t!ie upper ends of a a 
vttt utiiTil by putting down a set of keys BN r 
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bling thofio of a piano. When the chariot passes over a pin which b 
thus raised, the piece w is lifted away from i/, and the current fixnn 
tlic battery, which previously passed from the pin through v and 1/ 
to the earth, is now cut off from v'. and passes through v to the 
elect ro-mttKni't, and tlionce to the line-wire. 

This is the process for sending signals. We will now explain how 
ft current tlius sent causes a letter to be printed by tiie type-wlieels 
at both the sending and receiving stations, the sending and receiving 
instruments being precisely alike. 

Tlie current traverses the coils of an electro-magnet E (Fig. 527), 
beneath whicli ia a permanent steel liorse-slioe magnet, having its 
poles in contact witli the soft-iron cores of tlie electro-magnet 
When no current is pnaaing, the influence of the steel renders these 
cores temjHirary magnets, and enables them to hold the movable 
armature /> ngiiinst the force of an opposing spring. The current ia 
in such R direction that it tends tu reverse the magnetism induced 
by the steel. It is not necessary, however, that it should be strong 
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This is one of the moBt original 
a main cause of its extreme 



opposing apring to overpower them. 
pa rts of Hughes' apparatus, and 
^H^bility. 

^^■Tbe printing- shaft consists of two portions, one of which I (Fig. 
^HK) carries the flj-wheel V, and turns uniformly under the action 
of the clock movement; the other, which is next the front of the 
machine, remains at rest when no current is passing; but when the 
armature of the magnet rises, tlie two parts of the shaft become 
locked together by means of the ratcliet-wheel and click i i'. 

The portion of the shaft which is thus turned every time a current 
Bses, carries a very acute cam or tooth ■p (Fig, 529}, which sud- 
nly raises the lever a b, movable about an axis at one end T, and, 
w so doing, raises the paper against the type-wheel, and prints the 
In order thus to print a letter from the rim of a wheel which 
ptiniies turning, very raytid movement is necessary. This is secured 
i. making the opposing spring which moves the armature very 

werful, and the cam p very . 

The same movement /-^ / 

I the lever which prodi " ~ 

• impression, raises thi 

, which carries a spring r 
nth a click at its extremity. 
8 dick, in its ascent, glides 
r ttie teeth of the ratchet- 
jheel £; but locks into the 
pth and turns the wheel 
its descent, and by so 
ting, advances the paper 
^trough the distance corresponding to one letter. The spacing of 
the words is obtained by the help of the blank on the type-wheel 

The type-wheel should admit of easy adjustment to restore it to 
agreement with the chariot when accidental derangement may have 
occurred. For thw purpose, the shaft G is made hollow, its internal 
Bod external portions being merely locked together by the click m, 
~ 1 is held in its place by a permanent current in either direction, 
tt pressing down the button Q (Fig. 527), the click m is raised by 
D piece E, so as to leave the type-wheel free, and a pin is provided 
1 catches in a notch corresponding to the blank on the typc- 
The adjustment can also be made by hand. 
ifltly, the shaft I carries a third cam, which, at each revolution 
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of this axis, engages with a very coarse-toothed wheel T, set on Hn 
same axis as the type-wheel, and pushes it a little forward or back- 
ward without detaching it from the driving gear. Small discrepan- 
cies between the velocities of the type-wheel and chariot are thus 
corrected as often as a letter is printed. This contrivance serves tg 
keep the receiving instrument from gaining or losing on the sending 
instrument dui-ing the transmission of a message. The type-wheel 
of the receiving instrument must be adjusted before the message 
begins, so as to make the two instruments start at the same letter. 

692. Electro-chemical Tele^aph. — Suppose a metallic cylinder, 
permanently connected with the earth, to be revolving, carrying 
with it on its surface a atrip of paper freshly impregnated with 
cyanide of potassium. Also suppose a veiy light steel point per- 
manently connected with the line-wire, and resting in contact with 
the paper. Every time that a current arrives by the line-wire, 
chemical action will take place at the point of contact, and the paper 
at this point will be discoloured by the formation of prussian blue. 
This is the principle of Bain's electro-chemical telegraph, which leaves 
a record in the shape of dots and dashes of prussian blue The 
apparatus for sending signals is the same as in Morse's system. The 
paper must not be too wet. or the record will be blurred; neither 
must it be too dry, for then no record will be obtained. 

69S. Auto^aphic Telegraph. — An autographic telegraph is one 
which produces at the receiving station a fac-simile of the original 
despatch. The best known instruments of this class are those of 
Bonelli and Caselli. We shall describe the latter. 

At the sending station a sheet of metallized |i.tjier, with 1 





L upon it in a greasy kind ot ink. is laid up< 
M (Fig. 530). At the receiving station there 
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oiDtlar cylindric sui'face R,oti which a sheet of Bain's chemical paper 
s laid. Two styles, drivea by pendulums which oscillate with exact 
tynchronism, rouve over the surfaces of the two sheets, describing 
iipon tliem very close pai'uUel lines at a, uaiform distance apart, both 




B being in pennaneni connection with the line-wire. The cur- 
rent is furnished by the battery P at the sending station. When the 
style is on a conducting portion of the paper M, the current takes 
e course of least resistance ABCD, no eensible portion of it going 
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to the other station. On tlie other hand, wlien tlie style is on the 
non-conducting ink in which the despatch is written, the circuit 
A BCD is broken, and the current travels through the line- wire. At 
this moment the style on the sheet H is in exactly the same position 
tis that on the sheet M, by reason of the synchronism of the pendu- 
lums, and a, blue tine will be produced which will be the exact repro- 
duction of the broken line of the despatch traversed by the style. 
Accordingly, when the style of M has described a series of lines close 
together and covering the sheet. R will be covered with a series of 
points or lines forming a copy of the despatch. The tracing point is 
carried by & lever turning about an axis near its lower end. To this 
lower end is attached a connecting-rod, jointed at iis other end to 
the pendulum {Fig. 531). While the pendulum swings in one direc- 
tion, the style traces a line in one direction on tlie sheet. At the 
end of this stroke, an action occurs which, besides advancing the 
style, raises it, so that it does not touch the sheet during the return 
stroke. 

The synchronism of the pendulums at the two stations, which is 
absolutely necessary fcr correct working, is obtained by means of 
two clocks which are separately regulated to a given rate, the clock- 
jiendulmns making two vibrnt ions for one of the telegraphic pendulum. 
The bob of the latter consists of a mass of iron, and vibrates between 
two electro -magnets, which are made and unmade according to the 
position of the clock-pendulum, as the latter makes and breaks the 
circuit of a local battery. The mass of iron is thus alternatdy 
attra>;ted by each of the two magnets as it comes near them, and is 
prevented from gaining or losing on the clock 

It is evident that the Caselli telegraph may be appUed to copy oofc 
only letters but a design of any kind ; hence the name oi pantelegrapk 
which has been given it. Fig. 532 represents a copy thus obtained 
upon Bain's pper. Fig. 533 represents a copy obtained at the same 
time upon a sheet of tin-foil, such as is usually placed beneath the 
paper. The current decomposes the moisture of the paper, and the 
hydrogen thus lil>erat«d reduces the oxide of tin, of which a email 
quantity is alwn^'s present on the surface. If the foil be then treated 
witli a mixture of nitric and pyrogalUc acid, the trues are devdoped, 
and oome out black. 

The Ouelli system baa been used for some year? on the tel^npbs 
anraod Havre and Lyons, but haa not reidised the hopes of ita pro- 
Bnton, its daai|»tc)i«3 being ofUn illegible. 
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Instead of a series of parallel lines, the styles may b« mode to trace 
(he successive coavolutions of a fine helis, the two sheets being bent 





.IDund two cylinders, which revolve in equal times, and also advance 
longitudinally, 

685. Submarine Telegraphs. — The first submarine telegmjih cable 
was laid between Dover and Calais in 1 850; but, being 
insufficiently protected against the friction of the rocks, 
ji only lasted a few hours. Tlie two Atlantic cables 
vhich were laid in 1866 appear to be still in perfect 
irder. 

Submarine cables are now usually constructed by 
imbedding a certain number of straight copper wires 
n gutta-percha (Fig. 5-34^), which insulates them from 
Bch other; this is surrounded with tarred hemp, and 
J strands of iron wire are wound outside of alL 
Vhe copper wires in the interior are the conductors 
tx the transmission of the signals; the gutta-percha 
b for insulation ; tlie herap and iron are for protec- 
tion. 

The Atlantic cables contain a central conductor, 
consisting of seven copper wires, twisted together and 
Covered with three layers of gutta-percha, fonning 
tltogether a cylinder f of an inch in diameter. This Fig. ;,:it 
r covered with a layer consisting of tive strands 
f hemp, served with a composition consisting of 5 parts of Stock- 
|K>ln) tar, 5 of pitch, 1 of linseed-oil, and 1 of bees'- wax. Lastly, the 
Vbole is covered by 18 strands of charcoal iron, each strand consist- 
y jtf seven wires -^ of a millimetre iu diameter. On leaving the 
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nMchiiM wliich pat on the wire coreno^ the cable warn p^^^l 
throiiiKh a auildron contain • mixture of pitch, Ur, and UnMt^^H 
Tlt« difficulty of obtaining sufficiently good inauladon baa tliac^^H 
complebely flamirtuDt«d. ^^H 

A second difficulty attaching to Babmamte telegraphy- clflp^^l 
upon the inductive action of tbe Hurrooading water, m of the irir 
sheath. Thia action, which is found quite sensible in sabtenanean 
lineti of no great length, becomes of immenae importance in long 
Hubnmrine cablcn. The cable forms one enormous condenser, tlie 
central conductor repreiientiiig the inner coating, and the seanwater, 
or iron nhoalh, the outer coating of a Lcyden jar. In the AUan^ 
cables, the retardation of the signals due to this cause i& so consider- 
able that it would be barely possible to obtain a speed one-6fth of 
that usually attained on knd-lines, if the same modes of sending and 
reaeiving Hignals were employed. The electrical capacity of the cable 
is in faot ho enormous, that a long time is required to give it a full 
charge from a battery, or to discharge it again. The signals accord- 
ingly lose all their sharpness, and run into one another, unless special 
procauttons are taken. After sending a current from one pole of the 
bfttti>ry, th« cablu must be discharged, either by putting it to earth, 
or, still better, by connecting it for an instant with the other pole of 
the battery. The residual effects of the first current are thus quickly 
destioyod, and the line is left free for a second signal. 

As the (irst efl'ect received through such a cable is very slight a 
very sensitive receiving instrument is necessary for quick working. 
Thomson's mirror galvanometer (§ 63tiA) ia the instrument which 
ha» been hitherto employed, the signals being read off by an attend- 
ant who walche-s the muvements of the spot of light, dots and dashes 
being represented by deflections in opposite directions. A self- 
reoording instrument by the same inventor is now coming into use, 
in which the signals are written with ink discharged from a very 
light glaax siphon, tlio siphon being moved by a very light coil of 
t^ne copper wire, suspended by a wlk fibre between the poles of a 
\fry jwwiTful ])cmmnent magnet The coil turns in one direction 
or tbe othor acwriiing as the current transmitted is po^tive or 
n^ativis thus pn^lucing op)Hwite sinuosities in tlie ink rec<ird whidi 
is truoed njwn an advancing strip of paper. The regular flow of tfas 
ink is assisted by cWtrical attraction, on the principle of tbe buclm^ 
or watffling-pot describeid in g 4+5 ; but with this diiference, that 
i» not the ink but tbe pa)>er that is electrified 



Imerence, that A 
An elec^MPfl 



[chine of peculiar and novel conatmction, bearing some resemblance 
the replenisher of § +69 E, is employed for this purpose. 
699 a. WbeatBtone'a Antomatic System, — Another very elective 
contrivance for increasing the speed of signalling, is Wh^atstone's 
automatic apparatus, which is being very extensively adopted by the 
authorities of the postal telegraphs. The first step towards sending 
a message by this system consists in punching the message in a ribbon 
of stifi" paper. The punching is done by a special instrument, 
the operator having merely to put down three keys, one of 
which represents dot, another dash, and the third blank. The lioles 
punched are in three rows. Those in the middle row are equidistant, 
and are intended to perform the office of the teeth of a rack in guiding 
the paper uniformly forwards. Those in the two outside rows con- 
1 the message, a dot being represented by a pair of holes exactly 
Mite each other (:) one in each row, and a dash by two holes 
bged obliquely (■.). 

KThe punched strips are then put through the transmitting instru- 

pnt, and, by regulating the movements of two pins, cause the 

ion of the currents necessary for printing the message at 

B receiving station. From 60 to 100 words are thus transmitted 

r minute and automatically printed. 

! following is a specimen of three consecutive words of a 
legraphic message, as it appears on the punched strip at the sending 
iation, and on the printed strio at the receiving station; — 
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The speed thus attained is thi-ee or four times gi^eater than that 
of ordinary writing. The practical limit to speed, in lines of con- 
siderable length, ^ses not so much from the difficulty of making 
quicker movements, as from the blending together of successive 
signals in travelling a great distance, especially if part of tlie distance 
be under ground or under water. This evil is partly remedied by 
making each signal consist, not of a single current, but of two ; thus 
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ft dot will be produced by an instantftneoiis current, imnu^iaUily 
(tiiix-ecded by another of opposite sign ; a dasli by an equally short 
current followed at a longer intei-val by an opposite one. In this 
way, tliougb a greater number of currents are required for each word, 
a greater number of worda can be distinctly signalled in a given 
time; and, by sending three properly adjusted currents for each 
signal, a atill greater speed of distinct transmission is possible. The 
transmitting instrument of Wiieatstone's automatic system does in 
fact send three curreTits for each dot or dash. 

695b. Blectrieally-controUed Clocks,^ — Various schemes have been 
proposed for utilizing electricity in connection with the driving and 
government of clocks. In some of £hem, electricity is employed either 
to wind up the driving- weight, or to fulfil the office of a driving- 
weight by its own action, a pendulum being employed as the 
regulator, as in ordinary clocks. In others, electricity both drives 
and regulates the clock (or even a considerable number of clocka), 
by means of currents which keep time with the movements of B 
standard clock, electricity having thus to do the work both rf 
driving and regulating the dependent clocka 

But the system which has given the best practical results is t3iat 
of Mr. R. L. Jones, in which the dependent clocks are complete 
clocks, aiile to go of themselves, and keep moderately good time, 
without the aid of electricity. The duty devolving on the electric 
currents is merely to supply the small amount of 
accelerating or retarding action necessary to pre- 
vent the dependent clocks from gaining or losing 
on the standard clock by whose movemente the 
currents are timed. 

The arrangements for attaining this end are 
shown in the annexed figures 534 A, 534 B, which 
represent the pendulums of the controlling and 
controlled clocks respectively. These pendulums 
are supposed to be almost precisely of the same 
length, so that they would nearly synchronize if 
disconnected. 

The controlling pendulum, in its movement to 
es in contact with one or the other of two weak 
springs SS', which are connected with the poles of a battery PN, 
having one of its middle plates connected with the earth, so as to 
keep ita poles at potentials differing from that of the earth in opposite 
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directions. Iq the position represented in the figure, a current is 
being sent from the positive pole P into the wire W. When the 
pendulum swings over to the other side, a negative 
current will be sent. 

The bob CC of the controlled pendulum (Fig. 53*B) 
18 a hollow cylinder of soft iron encircled by a coit, 
whose ends are connected through two suspending 
springs at m with the wire W and the earth respec- 
Uvely. The consequence of this arrangement is that, 
whenever a current arrives by the wire W, the bob 
becomes an electro-magnet. 

Two steel magnets AA' are fixed, with their poles 
I'tarned opposite ways, in such a position that the hollow ^ 

■ bob of the pendulum always encircles one or both of ^ 
Itiiem. Suppose, in the figure, that the poles A A' which tmuai Psn-ini^ 

e turned outwards, are the two austral poles, so that 

tfae two boreal poles are facing each other. Then matters are to be 

Kin arranged that, in the position represented, the penduhim being 

I near the left extremity of its swing, the right-hand end of the coil is 

i boreal pole, and magnetic force urges the pendulum to the left 

'hen the pendulum is near the right extremity of its swing, the 

■ oarrent is in the opposite direction, and consequently the boreal pole 
WfOS the coil is its left-hand end. Tlie pendulum will thus experience 
Im^netic force urging it to the right. If the pendulum tends to gain 

Upon the standard, its return from the extremities of its swing is 
ihua opposed for a longer time than its outward movement is aided ; 
Old if it tends to lose, the assistance to its motion lasts longer than 
e opposition. Its tendency to deviate from the standard clock 
H«tlier way is thus checked, and the correcting action is greater as 
Lthe deviation from coincidence is greater. The controlling power 
I'thus obtained is so great, that even if the electrical connections are 
I interrupted during several consecutive beats, the accumulated errors 
I irill be completely wiped off after the connections are restored. 
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696. Electrolysis. — When a current is passed through a compound 
liquid, decomposition is frequently observed, two of the compoDent 
sulwtances being separated, one at the place where the current enters, 
and the other at the place where it leaves the liquid. This decom- 
position is called electrolysis, and the substance decomposed or electro- 
tyted is called the electrolyte. The action only occurs in the case of 
liquids, and these must be conductors. 

The process may be illustrated by the decompo^tion of water in 




')hl( th^imWtrr. This apparatus consists (Fig, 335) of a vessel con- 
'itlBiK iH'idulated water iu which two strips of platinum are im- 
ffofil ^wiiioctod respectively with the two poles of a batteiy, 
WImw Iho i.vuuootioDB are completed, bubbles make their appearance 
HA Utv Mirittciia of the two strips, and rapidly rise to the suriaca 
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These are bubbles of oxygen anJ liydrogen respectively, the former 
being evolved at the positive, and the latter at the negative Btrip. 
To complete the voltameter, inverted tubes must be provided for 
collecting tbe gases &s the bubbles rise to the surface and burst. It 
will be found that the volume of the hydrogen is about double that 
of the oxygen. Tbe presence of a little acid in the water serves to 
improve its conductivity, and according to tbe theories of Faraday 
and his contemporai-iea answers no other purpose. Pure water con- 
ducts so badly that its electrolysis is extremely difficult The two 
platinum strips in the above arrangement are called the poles or 
electrodes of the voltameter. They may obviously be regarded as 
the poles of the battery. The direction of the current through the 
liquid is of course from the positive to the negative pole. The element 
which comes to the positive pole (oxygen) is called electro-negative, 
and that which comes to tbe negative pole (hydrogen) electro- positive, 
these names being baaed on the idea of attraction between electri- 
cities of opposite sign. 

597. Transport of ElementB.<— Tbe positive element may be defined 
as that which travels with the current, and the negative element as 
that wjiich travels against it Hence Faraday calls the former the 
cation (signifying that which goes down), and the latter the anion 
(signifying Uiat which goes up), and instead of applying the name 
poles to the places where the current enters and leaves tbe liquid, he 
calls them the anode and cathode. The direction of the current 
through the liquid is from the anode to the cathode, the former being 
what is commonly called the positive pole, and the latter the nega- 
tive pole. When speaking of them jointly, he calls them the elec- 
trodes. 

It is a remarkable fact that the separated elements never make 
their appearance ex- / 

cept at tbe electrodea 
Nothing is seen of 
them, nor is any ac- 
tion exhibited, at in- 
termediate points. The 
appearance is as if the gases could vanish from one extremity and 
appear at the other without passing through the intermediate space. 
The only possible explanation of this phenomenon seems to be what is 
known as Grotthus' hypothesis, that all the particles of the water in 

e course of the current undergo continual decomposition and recom- 
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poaitioa TlniB if Fig. 5^6 represent a line of particles traversed by 
the current from left to right, there will be a continual stream of 
hydrogen-particles along this line from left to right, and a stream of 
oxygen' particles from right to left. The hydrogen of molecule 1 will 
L-oinbine with tlie oxygen of molecule 2 to form a new molecule 1'; 
the hydrogen of molecule 2 will combine with the oxygen of mole- 
cule S to form a new molecule 2', and so on. The oxygen of mole- 
cule 1 is given off at the left-hand extremity, wliich we suppose to 
be the point of contact with one of the strips of platinum, and the 
hydrogen of molecule 6 at the other atnp, The molecules 1', 2*, y . , 
are then in their turn decomposed to form a new set. In actual cases, 
tiie number of molecules, instead of being only 6 as represented in 
tho figure, is of course many millions. 

598. ElectrolyglB of Binary Compounds. — When a com|Kiund formed 
by the union of a metal with some other elementary substance is 
submitted to electrolysis, the metal always comes to the negative 
pole. It WU3 in this way that several -of the metals were first 
obtained from their oxides by Sir Humphrey Davy. Potassium, for 
example, was obtained by plttcing a piece of potash on a platinum 
disk connected with the negative pole of a battery of 250 cells, and 
then applying a platinum wire connected with the positive pole to 
its upiier sui'face. The potash, which had been allowed to contract 
a littlo moisture from the atmosphere, in order to give it sufficient 
eonducting jxiwer, soon began to fuse at the points of cont«ct of the 
electrwties. A violent effervescence occurred at the upper or positive 
electrode ; while at the lower surface small globules appeared resem- 
bling quicksilver, some of which instantly buret into dame, while 
others merely became tarnished and aflerwards coated over with a 
white film. 

The eartby oxides, such as magnesia and alumina, are more diffi- 
cult of r»luction tliiui tho alkalies potash and soda, and have never 
yet been electrolysed. The metals magnesium and aluminium have, 
lirtwever, l>een obtained by Uie electmlysis of their chlortdes. 
Oliloride of magnesium, for ejcample, is melted by beating it to 
redness in a jioTvelain crucible, the upper part of wbidi is divided 
into two <\>mi^ar1ments by a porous partition. Pieces of carfxm am 
omploynl as the tenninaU of the battery, and are inserted one in 
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tob of these compartments, tlie piece which is to serve as the m 
rave electrode being notched like the edge of a saw, with its teeti 

minting downwards ready to intercept the metal in its upward] 
I.eoai'se — the metal being specifically ligiiter than its chloride. It 
f by the electric current that Deville in 185i succeeded in preparingf' 
aluminium, which has exhibited such unexpected and interesting 
properties. 

For the eleotrolysia of binary compounds soluble in water, their 
solutions are fieqiiently employed, but these should in general bs 
highly concentrated. 

S99. Eleotrolysia of Salts. — When a salt of any of the less inflam- 
inable metala ia submitted to electrolysis, a continual deposition of 
^e metal is observed on the negative electrode; while, at the positive 
ftlectrode, oxygen is disengaged, and acid set free. These effecta 
■, for example, if platinum electrodes are plunged in a solution 
r Bolpbate of copper. If an oxydizable metal is employed as the 
*lK>sitive electrode, the oxygen will combine with it instead of being 
given off If the metal employed be copper itself, the oxide of 
copper formed will combine with the acid, and a quantity of sulphate 
of copper will be formed exactly equal to that which undei^oea decom- 
position. The solution thus remains constantly in the same state aa 
[ r^ards saturation, and the copper deposited on the negative electrode 

I is exactly compensated by that dissolved off the positive electrode. 
^ When a salt of one of the alkaline metals 
1b electrolyzed, the iippearances presented 
kre different from those which we have just 
been describing ; and they for a long time 
Ireceived an erroneous interpretation. Let 
I, the tube represented in Fig. 537 be charged 
■with solution of sulphate of soda coloured 
;i with syrup of violets. If the current be 
i4hen passed, after the lapse of some time, 
t red tinge will be observed in the liquid o(S.iii, 

round the positive electi-ode, and a green 
tinge around the negative. This shows the presence of free acid 
Kb the positive and alkali at the negative pole. Oxygen ia also 
Ebund to he evolved at the positive and hydrogen at the negative 
wife The interpretation for a long time given to these results was, 
in the electrolysis of a salt, the acid Went to the positive and 
iie base to the negative pole. In the case of a metallic salt, such as 
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sulphate of copper, it was supposed that the oxide of copper which 
forms the base, underwent a further electrolysis, resulting in the 
appearance of the metal at the negative and of the oxygen at the 
positive pole. This complicated hypothesis of two 8ucces»ve elec- 
trolyses is entirely gratuitona. It was in fact aioiply framed to suit 
the chemical tlieories whicli regarded a salt as the result of the union 
of an acid and a ba.ie. It is now believed that the electrolysis of 
sulphate of soda is single, that it consists ip resolving the salt into 
sodium and an unstable compound of sulphur and oxygen, SO^, to 
which the name of sulphion has been given. The sodium unites 
with the oxygen of the water at the negative pole, thus forming soda 
and liberating hydrogen ; and the sulphion unites with the hydrogen 
of the water at the positive pole, forming sulphuric acid and Uberatmg 
oxygen. These chemical actions immediately consequent upon elec- 
trolysis are called secondare/ actions. 

600. Electrolysis of Water. — What we have just said of salts, applies 
equally to the oxygen acids. Thus in the electrolysis of sulphuric 
acid (SOj, HjO) the hydrogen, which is a kind of gaseous metal, 
goes to the negative pole, while the substance SO, goes to the posi- 
tive pole, and there unites with the hydrt^n of tlie water to form 
the primitive compound, setting oxygen fi-ee. 

It is probable that what is called the electrolysis of water is really 
an indirect action of this kind; that, in fact, it is not the water, but 
the acid contained in it that is electrolyzed, decomposition and recom- 
po^tion of acid being in continual progress. 

Be this as it may, voltameters are frequently employed for the 
measurement of currents, from which use indeed they derive their 
tiAme. This mode of measuring a current is due to Faraday. The 
(^aantity of electricity which passes is measured by the quantity of 
MM evolved; and this is best determined by measuring the hydrogen, 
ta the first place because of its greater volume, but still more because 
ti ia leas liable than oxygen to be absorbed by water. It is important 
tfaA tlw tvnpersture at which the operation is conducted should not 
^ to» k>w; tor if it be under 20° C, the water may become so 
.^■wtf impregnated with oxygen as to be able to take up some ol 
Kwfai^ is separated at the negative pole, and reduce it 
K of water. 

) the disadvantage, as compared with galvano- 

j opposing electro-motive force into the circuit, 

mt of resistance. 
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601. Definite Laws of EleotrolyeiB. — The following principles were 

completely establislied by Faraday's reaearches: — 

1. Tlie quantity (i.e. mass) of a given electrolyte decomposed by a 
current is simply proportional to the quantity of electricity which 
passes through it, — in other words, is jointly proportional to tlie 
strength of the current and the time that it lasts; or, the rate ot 
decomposition of e. given electrolyte is simply proportional to the 
strength of current, and is independent of all other circumstances. 

2, Tiie quantities (masses) of different electrolytes decomposed by 
the same quantity of electricity are directly as their chemical equi- 
valents.' 

These laws can be extended to the cells of the battery themselves, 
if, we pay proper attention to the signs of the quantities involved. 
The essential difference between a cell of the battery and a decom- 
posing cell included in the circuit is, that the former contributes 
positive, and the latter negative electro-motive force to the circuit; 
and if one of the cells of the battery be reversed, so that the current 
travels through it not from zinc to copper as usual, but from copper 
to zinc, it immediately becomes a decompo.sing cell with electro- 
motive force opposing that of the circuit. The amount of chemical 
combination that talces place in a battery cell (or the excess of com- 
bination over decomposition, if both are going on, as in a Daniell's 
cell, where sulphate of copper is decomposed) is chemically equi- 
valent to the decomposition that occurs in any one decomposing cell 
in the same circuit. This is on the supposition that no local action 
(§ 521) is allowed to take place in the battery. Keeping Grotthua' 
hypothesis in view, we may therefore assert that the total chemical 
action is the same in amount for all sections of the current, whether 
these sections are taken in battery cells or in decomposing cells; but 
is opposite in sign, according as the sections are made across cells 
which assist, or which oppose the current by their electro- motive 
force. 

If a current generated by a battery consisting of several cells 
arranged in a series, is passed through a succession of decomposing 
cells, one containing acidulated water, another chloride of lead, 
another protochloride of tin in a state of fusion, and another a con- 



' Thin l»w »pplie» directly, and withool oimption, to the decompoaitiom eflected by the 
ilinct actioa of the curnsiiC. It U not alwaya (though uaually) applicable to the SnkI 
reiuICa of electrolyais, when B«concIary actions oome into piny. In cerlua owea, for 
BxHDple, the &n>l result will be exactly double what the law would ^ve. 
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ceDtrated aolution of uiti-ate of silver, tlieii for 135 parts by wel^ rf 
zinc dissolved in any one cell of the battery, 2 parts of hydrogen will 
bo evolved from the acidulated water, and 207 parts of lead, 118 of 
tin, and 216 of silver, from the other electrolytea respectively; Hum 
numbers being proportional to the chemical equivalents of sat, 
hydi-ogen, lead, tin, and silver. 

If Beveral cells containing tlie same electrolyte are placed to dif- 
ferent parts of the circuit, so as to be traversed in succession by the 
same current, the same amount of decomposition will be etfected in 
them all; and this amount for each cell will be the full eqaivalestlf 
the action iu each cell of the battery. 

In order to effect a given amount of decomposition in agiven cell, 
with the smallest possible consumption of zinc in the batt«ry, the 
number of battery cells employed should be the smallest that will 
suffice to effect the operation at all ; in otlier words, th« resultuil 
electro-motive force in cireuit should barely exceed zero. Tlua k 
obvious Irom considering that the quantity of electricity required to 
effect the given operation is irrespective of the number of cells of the 
battery, and is absolutely constant. The quantity of zinc dissolved 
in each cell is therefore constant also, and hence the whole zinc dis- 
solved is proportional to the number of ceils. ' If we employ mote 
cells than are necessary, we shaJl effect the required operation more 
quickly, but at the expense of an extra consumption of zinc 

Time may be saved by increasing the number both of the decom- 
posing cells and of the battery cells. By doubling them both, we 
shall double the electro- motive force and also the resistance, so that 
the current will be unaltered. The chemical action in each cell will 
therefore be the same as before ; and as the number of decomposing 
cells is doubled, a double quantity of the given electrolyte is decom- 
posed. 

602. Polarization of Electrodes. — When electrodes have been doing 
duty for some time in the decomposition of an electrolyte, if we 
detach them from the battery, plunge them in a conducting liquid, 
and connect them externally by a wire, we shall find that a current 
is circulating in the opposite direction to the original current. 

Suppose, for example, that the Bunsen battery M (Fig. 538) has 
been employed for electrolyzing sulphate of potash by means of the 
electrodes A B, A being the positive, and B the negative electrode, ■ 
the cun'ent flows through the decomposing cell from A to B. Now 
let the battery be removed, and the electrodes connected externally 
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Y the wire N. A current will now pass through the liquid from 
Wto A, completing its circuit through ttie wire. 
BThe origin of this current can be explained in the following way. 
ing the process of decomposition, potash collects on the electrode 
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L and sulphuric acid on the electrode A, When the connecting wire 

■TBubfitituted for the battery, the two sulistancep which have been 

teed to separate begin to unite again ; and ae their tendency to do 

K produced an opposing electro-motive force while the direct current 

8 passing, thb tendency is now manifested in the actual produc- 

n of a reverse current and reverse transport of elementa It is not 

»8sary that the deposition of the two substances on the plates 

lould have been brought about by electrolysis. A similar result 

1 be obtained if the plates be coated with the two substances in 

r other way 

I Grove's gaa-buUery is constructed by immersing two platinum 

^tes in a vessel of acidulated water, the upper halves of the plates 

ing surrounded, one by oxygen, and the other by hydrogen, 

I in inverted tubes. External communication must be made 

rtween the plates by means of wires sealed into the upper ends of 

e tubes, and a current will pass through the circuit thus completetl ; 

if there are more cells than one, the hj'drogen plate of each cell 

Hist be connected with the oxygen plate of the next, and the first 

1 last plates must also be connected. In each cell, union of the 

gases will gradually take place through the acidulated water, 

i the direction of the current will be opposite to that which would 

Htore the gases to their places if the cell were used as a voltameter ; 

Nit is to say, it will be through the liquid from the plate in hydrogen 

Ithe plate in oxygen. The plates employed for this purpose are 
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usually covered with a deposit of finely-divided platinum, as the 
great extent of surface thus obtained conduces to rapid action. 

Ritter'a secondary pile consists of a number of discs all of the 
same metal separated by pieces of moistened cloth. If its two 
extremities be connected for a few seconds with the poles of a battery, 
the pile will be found to have acquired the power of producing, for a 
short time, a current opposite to that of the battery. 

603. Feeble Currents through Electrolytes. — Liquids capable of 
undergoing electrolysis never conduct electricity without being 
electrolyzed. Some exceptions were at one time supposed to exist 
in cases of very feeble currents ; but experiments in vacuo have shown 
that these are explained by the re-absorption by the liquid of the 
gases evolved. Under the exliauated receiver of an air-pump the 
gases are actually given off. There appears to be no real exceptjon 
to the rule that electricity, in traversing an electrolyzable lit^uid, 
always produces its full equivalent of decomposition. 

604. Electro-metallurgy. — The applications of electrolysis to the 
arts are numerous and important. They are of two kinds. In one, 
the electrolytic deposit is intended as a permanent covering, and 
should adhere perfectly so as to form one mass with the body which 
it covers. In the other, the adhesion is temporary, and must not be 
too close, the object being merely to obtain an exact copy of the 
original form. Electro- pi a ting belongs to the former class ; electrotype 
to the latter. 

605. Electro-gilding and Electro-plating. — The deposition of a 
coating of gold or silver on the surface of a less precious tnetal is 
merely an example of the electrolysis of a salt, as described in § 599. 
The metal in solution is always deposited on the negative electrode, 
hence we have merely to make tlie negative electrode consist of the 
article which we wish to coat. The only points to be decided prac- 
tically relate to the means of making the deposit solid and Brmly 
adherent. These ends have been completely attained by the methods 
patented about 18+0 by Elkington in England and Ruolz in France, 

The solutions are always alkaline, and usually consist of the 
cyanide or chloride of the metal, dissolved in an alkaline cyanide. 

To prepare the goU!A>atk, 50 grammes of fine gold are dissolved in 
aqua regia; and the solution is evaporated till it has the consistence 
of syrup. Water is then added, together with 50 grammes of 
cyanide of potassium, tind the mixture is boiled. The quantities 
named give about 50 litres of solution. 
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The negative electrode consists of tlie article to be gilded. The 
positive electrode is a plate of fine gold, wliich constitiitea a soluble 
electrode, and serves to keep the solution at a constant strength. In 
order that the gilding may be well done, the bath must be main- 
tained, during the operation, at a temperature of from 60° to 70° 
Centigrade. 

Fjg. 539 represents a form of apparatus which is very frequently 

employed. The poles of the battery are connected with two metallic 

^fods resting on the top of the cistern which contains the bath. The 

V'lrticles to be gilded are hung from the negative rod. From the 



P^poaitive rod is liung a plate of gold, whose size should be proportional 

gto the total surface of the articles which form the negative electrode. 

The ailver bath is a solution containing 2 parts of cyanide of silver, 

I'lO of cyanide of potassium, and 250 of water. The operation of 

lating is the same as that of gilding, except that the apparatus is 

uually on a larger scale, and that the temperature may be lower. 

In both cases the surfaces to be coated must be thoroughly 

deansed from grease. For this purpose they are subjected to the 

B of yrtckting and dipping, which we cannot stay to describe. 

Other bodies, as well as metals, can be coated, if their surfaces are 

prst covered with some conducting material Baskets, fruits, leaves, 

R&c., have thus been gilded or silvered. 

Similar processes are employed for depositing other metals, of 
^which copper is the most frequent example. 

i6. Eleotrotype.^Electrotyping consists in obtaining copper casts 
r fac-aimiles of medals, engraved plates, &c, by means of electrolytic 
sition. The first successful attempts in this direction were made 
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about 183y by Jacobi at St Petersburg and Spencer in England, 
The art is now very extensively practised, 

If a faosiinile of a medal is required, a cast is first taken of it, 
eitlier in fusible alloy, plaster of Paris, or gutta-percLa softened by 
hetvtiug to IW C. this last material being the most frequently 
employed. The fusible alloy is a conductor ; tlie other materials are 
not, and their surfaces are therefore rendered conducting by rubbing 
tliera over with plumbago. The mould thus prepared is made to 
serve as the negative electrode in a bath of sulpliate of copper, a 
copjier plate being used as the positive electrode. When the current 
passes, copper is deposited on the surface of the mould, forming a 
thin sheet, which, when detached, is a facsimile of one side of the 
original medal. A similar process can be applied to the other side, 
and thus a complete copy can he obtained. 

Ill operations of this kind, the hath itself is often made to ierve as 
the battery. Fig. 540 represents such 
an arrangement. 

In the interior of a vessel containing 
a saturated solution of sulphate of 
copper, a second vessel is supported, 
consisting either of porous earthen- 
ware or of a glass cylinder closed be- 
low by a membrane. In this second 
vessel is placed acidulated water, witi 
a cylinder of zinc suspended in it 
The mould is placed in the onter 
vessel under the bottom of the jjorous cylinder, and is connected with 
the xinc by a stout wire which completes the circuit. The arrange- 
ment is evidently equivalent to a Daniells cell. The current passes 
through the liquids from the zinc to the mould, electrolyring the 
solution of sulphate of cop[)er ; and as the metal travels with the 
current, it is deposited on the surface of the mould The strengtli 
of the solution is kept up by suspending in it crj-stals of sidphate of 
copper contained in a vessel pierced with boles. 

607. AppUcations of ElectrotTpe. — One of the commonest applic*- 
tions of electrotype is to tlie production of copies of wood engraving& 
The original blocks, as they leave tiie hand of the engrsver, could oot 
yield a large number of impresaioDS witboat being materially injured 
by wear. When many impreesMws are required, tber are not taken 
dii«ctly from the wood, but from mi efeettotype taken in copper from 



APPLICATIONS OF ELECTROTYPE. 



^^B gutta-perclia mould The process of deposition is continued onlji4 

^^B ^i^ twenty-four bours, and the plate of copper thus obtained is very | 
I thin. It is otrengthened by tilling up its back with melted type- 
metal Such plates will afford about 80,000 impressions, and it is 
from them that nearly all the illustrations in popular works are 
printed Postage stamps, which must be e.xactly alike in order toJ 
prevent counterfeits, are also printed from electrotypes; and, ona 
account of the great number of impressions required, the electrotyj 
themselves need frei^uent renewal; but the operations necessary for 1 
this purpose do not sensibly injure the original 

Copperplate engravings and even daguerreotypes can be vetyJ 
accurately reproduceil in copper. No preparation of tbe surface htT 
nec&ssary, as the thin film of oxide which is present is quite sufficteol 
I to prevent tbe deposit from adhering too closely. 

Gasaliers are usually of cast-iron coated with copper by electro 

The copper is not, however, deposited on the surface of tin 

Biron, as the contact of the two metals would greatly promote the 

^oxidation of the iron, if any of it were accidentally exposed to th< 

lir. The iron is first painted over with red-lead, which, when dry,« 

E covered with a very thin layer of plumbago to render it conduct-l 

ling; and it is on tbis that tbe copper is deposited 




608. lodnced Currente. — Induced ciirrente may be described aa 
currents produced in conductors by the influence of neigbbouring 
currents or magnets. Their discovery by Faraday in 1831 con- 
stitutes an epoch in the history of electrical science. We shall first 
describe some modes of producing them ; and then state their general 
lawa 

609. Currents induced by Commencement and Cessation of Currents. 
— Let two coils be wound upon the same frame B. one of them, called 




the secondary coil, having iueadscouuect«d with the binding-screws 
of the galvanometer G, while the eads of the oilier, which is called 
the primary coil, dip in two cups of mercury g g connected with the 
two plates of the voltaic element P. As long as the current ia passing 
steadily in the primary coU, the needle of the galvanometer remains 
undetected ; but if Uie current be stopped, by lifting a wire out ol 
one of the mercury cups, the needle is immediately deflected, in- 
dicating the existence of a current in the same direction as that whuh 
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was previously circulating in the primary coil. This effect is very ' 
transitory. The needle appears to receive a sudden impulse which 
immediately passes away. If t!ie current be then re-establisLed, 
there is a deviation to the other side, indicating a current in the 
opposite direction to that in the primary coil ; and this deviation, 
ike that whicii occurred before, is merely the effect of an instantan- 
fl>us impulse, the needle making a few oscillations from side to side, 
Ind then remaining steadily at zero. This experiment, which is 1 
labstantially the same as that by wiiich Fai-aday first made the dia- 
»very, establishes the following proposition: — Wlien a current begins 
I to flow, it induces an inverse cu-n-ent in a neif/khouHng conductor; 
w^n it ceases, it induces a direct current; and both the currents \ 
thus induced are merely instantaneous. 

610. Currents induced by V&riationa of Strength of Primary Current, 
^Employing the same apparatus, let us. while the primary current 




B passing, connect the two mercury cups by the wire d (Fig. 5*2), 
^tis dividing the circuit (§ 547), and causing a great diminution of I 
ihe current in the primary coiL At the instant of making this con- 
tion, the needle of the galvanometer is affected, moving in the 
e direction as if the primary current were stopped ; and on lifting 1 
B connecting wire out of one of the cups, so as to produce a sudden 
3 in the current in the primary coil, the needle moves in the 
f>posite directioa When a current receives a sudden increase, this 
roducea an inverse current in a neighbouring conductor; and when 
ij ia suddenly decreased, a direct current is induced. 
611. CarrsntB induced by Variations of Distance. — Currents may 
1 be induced by change of distance between the primary and 
M&dary conductors. Let the secondary coil, for example, be hoUow, 
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as in Fig. 543, and let tlie primary coil, with the current passing in it, 
be suddenly introduced into its interior. The galvanometer will 
indicate the produotioti of nn inverse current in the secondary coiL 




When the needle has come to rest, let the primary coil be withdrawn, 
and a direct cun-ent will be indicated by the galvanometer. These 
currents differ from those previously mentioned in being less sudden. 
They last as long as the relative motion of the two coils contiuuea 
When a conductor conveying a current approaches or ia approached 
by a neiijhhourlng conductor, an inverse current is induced in tht 
latter; and when one of these coJiductors 
moves away from the otlier, a direct current 
ia induced. 

613. Ua^neto-electrio Induction, — As a 
cuiTent may be regai-ded as a magnet 
({^ 531 a), and a magnet may be regarded aa 
a system of currents (§ 565), induction can 
be effected by a magnet as well aa by a 
coil. 

Let a hollow coil be connected with a gal- 
vanometer, and a magnet held over it, as in 
Fig. bii. Aa long as the magnet remains 
stationary, no current is indicated; but 
when one pole of the magnet is thrust into 
the interior of the coil, the needle ia deflected by an impulse which 
lasts only as long as the motion of the magnet. If tht 
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^^bUowed to remn,in at reat in this poHitioo, the needle, as soon as it 
^^^as time to recover from its oscillations, stands at zero ; but or with- 
11 drawing the magnet, another current wilt be indicated in the opposite 
direction to the former, 

CuiTents may also be induced, with even more striking effect, by 
moving one pole of a magnet towards or from one end of a soft-iron 
bar previously placed in the interior of the coil (Fig. 545). These 




1 are due to tije niiiguetiam pro'iuoetl and destroyed in the 
loft iron. Wlien the intetisity of magnetization of a piece of iron 
r ateet undergoes changes, currents are induced in neighbouring 
eonductors. The directions of these currents can be inferred from 
the preceding rules by supposing a solenoid to be substituted for the 
magnet 

618, Lenz'8 Law. — The currents induced by the relative movement 
■ of two circuits or of a circuit and a magnet are always in 
nick directions aa to produce mechanical forces tending to oppose 
e •movement. For example, when two parallel wires, through one 
f which a current is passing, are made to approach, an opposite 
rent is induced in the other; andoppositecurrentsby their mutual 
ipulsion resist approach. This general law as to the direction of 
induced currents was first distinctly enunciated by Lenz, a Russian 
ibiloeopher. 

613a. Direction of Indaced Cnrrents specified by Reference to Iiines 
f Magnetic Force, — We have already mentioned, in connection with 
^e mutual forees between magnets and currents (§ 531 Bj, that a 
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wire conveying a current experiences force perpendicular to its 
length, and at the same time perpendicular to the lines of magnetic 
force, when placed in a magnetic field. We have seen that, if the 
current is from foot to head, and the lines of force (for an austral 
pole) run from front to back, the force experienced by the wire is a 
force to the right. Motion of the wire to the right will diminish 
this force by diminishing the current, motion to the left will increase 
it by increasing the current, and the amount of increase or diminu- 
tion is quite independent of the original amount of current Let the 
direction of the lines of magnetic force for an austral pole be called 
frovift-ont to back; then the motion of a conductor (o the right gene- 
rates a current in it from head to foot, and motion in the opposite 
direction generates an opposite current We shall have frequent 
occasion to recur to this criterion of direction, which applies to every 
case of induced currents. 

As the generation of currents by induction depends not on absolute 
but on relative motion, namely the relative motion of the conductor 
and the lines of magnetic force, the criterion of direction will take 
the following form when the conductor is supposed to be stationary, 
and the lines of force to move.' Let the direction of the lines of 
magnetic force for an austral pole be called from fi'ont to haek, then 
if ike lines of force move so as to cut through the conductor from, 
right to left, a currevi will be induced in the conductor from head 
to foot. 

If the conductor forms part of a closed circuit, we shall have a 
continuous current flowing through it as long as the motion la8t& 
If the circuit is open, there will merely be an incipient current, 
which, if its direction be from head to foot, will reduce the end of the 
conductor which we are regarding as its foot to a higher electrical 
potential than the other, and this difference of potential will be 
maintained as long as the motion lasts. 

613b. Quantitative Statements. — In order to state the quantitative 
laws of induced curi-ents in the simplest and most geneiat manner, 
we most employ tiie conception of tubes of force as explained in 
§ 4-t5Q (but they will now be tubes not of electricjJ but of magnetic 
force), and we must suppose them to be arranged in the equable 
manner described in § 445 H. That is to say, we must suppose the 



' It m*y be noted Ui»t when k bwMnK^net is mtated tm ita ft: 
ft neighb-wring wire, inumuoh ft> ita luwi of foroe cat inch ft 
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jole field cwfc up into tubes of force in such a manner that, if a 

s-section (an equipotentiol surface aa regards niagnetic potential) 

t made in any part of the field, the number of tubes per unit of 

etional area is equal to the intensity in that part of the field It 

tmore usual to speak of number of linea of force than of number 

f tubes, the convention being that each tube contains one line; but 

e counting of tubes rather than lines has the advantage of naturally 

towing fraotional parts to be reckoned, and not suggesting the idea 

Bdiacontinuity. 

The tubes of force due to a magnet are to be regarded as rigidly 

iched to the magnet, and carried with it in all its movements, 

jhether of translation or rotation. They undergo no change of size 

^ form unless the magnet itself undergoes changes in its magneti- 

Jtion. 

■These conceptions being premised, the quantitative law3 of induced 

■rents can be stated with great simplicity and complete generality, 

, When a conductor is moved in a magnetic field, the ELECTHO- 

TK FORCE generated by the motion is equal to the number of 

(bes which the conductor cuts through per unit time. 

If the conductor forms part of a closed circuit, the CURRENT 
Iberated in tiie circuit is the ijuotient of the number of tubes cut 
BUgh per unit time, by the resistance of the circuit; and, lastly, 

The whole quantity" of electricity conveyed by the current is 
b quotient of the number of tubes cut through, by the resistance of 
i circuit. The quantity of electricity conveyed by a current of 
lef duration is measured by observing the swing of a galvanometer 
It ia proportional to the greatest deviation of the needle 
1 zero, provided that this deviation is .small, and that the dura- 
a of the current ia less than that of the swing. When experiments 
^ induced currents are made tmder these conditions, it is found that 
B deviation of the needle is not sensibly increased by moving the 
Iducing magnet or coil more rapidly, as long as the ground moved 
s the same. 

I'The dependence of the quantity of electricity induced upon the 

aiber of tubes cut through, was discovered by Faraday, who eatab- 

ftied it experimentally by moving a loop of wire in various ways 

I* the vicinity of a magnet. The three foregoing laws were all, in 

i, Buhstantially established by the series of researches in which 

B experiments occur.^ 
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In oounting the tubes cut through, it is necessary to attend to th« 
direction of the current due to the cutting of ea^h tube. Those tubes 
which are so cut as to give currents in one direction round the 
circuit (when tested by tlie criterion of § G13a) must have one sign 
given them, and those wliich give currents in the opposite direction 
must be reckoned as of the opposite sign. It is in every case the 
algebraic sum that ia to be taken ; and if a tube is cut once positively 
and once negatively, it may be left out of the reckoning. 

613o. Relation of Induced Current to Work done, — The direction 
of the force experienced by any straight portion of a circuit con- 
veying, a current in a uniform Held, is perpendicular at once to its 
own length and to the lines of force. If L be its length, a its 
inclination to the lines of force, C the cuiTent flowing through it, 
and I the intensity of the field, the magnitude of the force will be 
GIL ain a, and the work done in any movement of translation 
vfUl be the product of this force by that component of the distance 
moved which lies in the direction of the force. All this may be more 
concisely expressed by saying that the work done by magnetic force 
is the product of C by the number of tubes of force which the wire 
cuts through in its motion, any tubes which are cut in a direction 
opposed to that of the force which the wire experiences being counted 
negatively. When a closed circuit conveying a current ia vioved in 
any magnetic Jiel>l, the work done upon it by magnetic force ia the 
product of tfie atrength of cu^i'ent by the algebraic numher of tvhta 
cut through. 

Comparing this law with the first of the three lawn given in the 
preceding section, we see that the work done per unit time is the 
product of the actual current and the induced electro-motive force. 
The original current ia increased or diminished by the motion, 
according as work is done against or by the magnetic forces of the 
field. 

This result can be shown to be in harmony with Joule's law 
(§571), according to which the energy-value of a cun-ent. for each 
unit of time that it lasts, is the product of the current by the electro- 
motive force producing it. For, if C and E denote the actual amounts 
of current and electro-motive force, and C'oEg the values which these 
elements would have if there were no motion, the energy required 
from without to produce the motion is, by the law we are now 
stating, C(E — En), and the energy represented by the additional 
consumption of zinc in the battery is (C— CJE^, since, with a given 
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number of cells, the zinc consumed is simply proportional to the 
cmrent. The sum of tliese two expressions is CE — CjEj; which, by 
Joule's law, represents tl]e increase in current energy. 

When there is no current in the circuit except the induced cur- 
rent, work must always be done against the forces of the field to an 
amount precisely equal to CE, the energy-value of the current. 

613 D. UoTcmeDt of Lines of Force with Change of Hagnetization. 
— Aa long as a piece of iron or steel remains unchanged in its mag- 
netization, its tubes of force are to be conceived of as ;i rigid system 
rigidly connected with it When the intensity of magnetization is 
increased, new tubes are added and the old ones are crushed together. 
K-Tbfi new tubes are to bo regarded as coming into existence at the 
riWagnetic axis of the magnet, and pushing the old ones further away 
Bfcom the axia When the intensity of magnetization falls off, a 
Bweree motion occurs, and the axis absorbs those tubes which lie 

Hext it 

■ Similar remarks apply to changes of strength in a current The 
P^es of magnetic force due to a current in a wire are circles, and the 
Ktnbes of force are rings, having the wire for their common axis. 
R^hen the current receives an increase of strength, the new rings 
BlDust all be conceived of as starting from the wire, and pushing out 
ube old rings before them, and on the diminution or cessation of the 
Ksurrent a reverse movement occurs. 

m When a current suddenly commences in a wire, or a piece of soft 
Hbon is suddenly magnetized, a neighbouring wire is cut through by 
^b many tubes of force, and subjected to the same inductive influence, 
^B-if it were suddenly moved up from a great distance into its actual 
^Bsition. The experimental results described in §609-012 are thus 
H^y particular cases of the general principles of § 613a. b 

■ 613b. Motion in Uniform Field. — If we define a uniform magnetic 
BBeld as a field of uniform intensity, it can be shown to follow, aa a 
Bbathematical consequence, that the equipotential surfaces must be 
■sftrallel planes, and the lines of force parallel straight lines. The 
Hobes of force will, of course, be of uniform section, and the number 
Htf tubes per unit of cross section will be equal to I, the intensity of 
Ittte field. The electro-motive force genei-ated by the motion of a 
Btraight wire of length L in such a field, with a velocity of translation 
Hr, being equal to the number of tubes cut through in unit time, will 
^be LVI, if the length of tlie wire and the direction of motion are 
^mrpendiculnr to each other and to the lines of force. For any other 
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position of the wire, and lor any otiier direction of motion, the 
number of tubes cut through will evidently be less. If the length 
of the wire is parallel to the lines of force, no tubes will be cut 
through, whatever be the direction of motion ; and if the direction of 
motion be parallel to the lines of force, no tubes will be cut through, 
whatever be tlie position of the wire. In these two cases, then, 
there is no generation of electro -motive force tending to produce a 
current along the wire. 

Terrestrial magnetism furnishes us with an example of a uniform 
field, BO long as we cuntine our attention to a space of moderate 
dimensions, such as the interior of a room. 

613?. Onit of Resistance. — Units of length, nireea. and (ime, having 
been selected, unit force is deiined as that which, acting on unit mass 
for onit time, generates unit velocity. 

A magnetic pole of unit strength, or a unit pole, is defined as that 
which attracts or repeb an equal pole at unit distance with unit 
force. 

Unit intensity of fiAd is defined as the intensity at a place where 
a unit pole experiences unit force. 

A unit citfcen(, or a current of unit strength, is one which, for 
each unit of its length, affects a unit pole at unit distance with unit 
force. In |>as3ing through a circular coil of unit radius and length I, 
the force which it exerts on a unit pole at the centre is I. 

Unit eUclro-viotive force is the electro-motive force existing in & 
circuit in which unit current does unit work in each unit of time; 
and unit resietance is the resistance of a circuit in which unit electio- 
motive force would produce unit current 

The course of the above investigation shows that the units rf 
length, mass, and time are sufficient to determine all the other units 
mentioned. It can further be shown* that the unit of resistance is 
independent of the unit of mass, and depends only on the units of 
length and time, being directly as the unit of length, and invereeiy 
as the unit of time — a property which is also character istic of the 
unit of velocity. Hence a resistance, like a velocity, can be ade- 
quately expressed in metres per second. The unit of resistance now 
commonly employed is the ohvi, which is defined as (en million 
metres per second. The resistance of an ordinary Daniell's cell is 
a1>out half an ohnL The resistance of a mile of submarine tel^raph- 
cable is from 4 to 12 ohma 

^ Se« Appenilix mt the end at this di^ilav 
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614. Induction by loeanB of Terrestrial Sla^etism. — If n wire ring, 
or any other foiin of closed circuit, receives a movement of transla- 
tion in a uniform field, no current ia generated, because the same 
number of force-tubes are cut negatively as positively. Whatever 
cuiTents are generated by the motion of a closed circuit in the terres- 
trial magnetic field, must therefore be due solely to rotational move- 
ments. Suppose tlie cii-cuit to consist of a single circle of wire, and 
let it be initially placed so that its plane is perpendicular to the 
dipping-needle, and therefore perpendicular to the lines of magnetic 
force. In this position, the number of force-tubes wliich it incloses 
is equal to the product of the inclosed area by the total intensity uf 
terrestrial magnetic force, that is to rr'I, I denoting tliis intensity, 
and r the radius of tlie circle. Now let the ring rotate througli ISO" 
about any diameter, so that it comes back into its original place, but 
facing the opposite way. During tliis semi-revolution, each half of 
tlie ring has cut through all the tubes which passed through the ring, 
and though in one sense the two halves have been cutting the tubes 
in opposite directions, the application of the criterion of § 6 1 3 B siiows 
that the resulting cuixenta are in the same direction round the circuit. 
The number of tubes cut through is therefore to be reckoned as iwi^I, 
and the quotient of this by the time occupied in a semi- revolution 
is the average electro-motive force {§ 613e). If the rotation be 
uniform, the actual electro-motive force is greatest in tlie middle of 
the semi-revolution, and is zero at ita commencement and terminal 
tion. During the otiier half- re volution the circumstances are pre- 
cisely the same, except that the two halves of the ring have changed 
places. If we compare the currents in two jmaitions of the ring 
which differ by 180°, we see that the current round the ring has the 

me direction in space, but opposite directions as regards the ring 

elf. 
' If, instead of a single ring of wire, we have a circular coil consist- 
ing of any number of convolutions, with its two ends united, the 
same principles apply. If there are n convolutions, the electro- 
motive force will be n times greater than with one, but as the resist- 

e is also n times greater the strength of current is the same. 
\ In the apparatus called Delesenne's Circle, a coil of wire revolves 

(Out a diameter, but the two ends of the coil, instead of being 
directly united, are so connected with the two ends of the axis of 
rotation that the circuit is completed through a galvanometer. On 
rotating the coil rapidly by means of b handle provided for the 
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purpose, a current is indicated by the galvanometer, and this current 
is found to be strongest (for a. given rate of rotation) when the axis 
is perpendicular to the dipping-needle If the axis is inclined at an 
angle B to tbe dipping-needle, the current is propoi'tional to sin fl ; and 
if the axis is parallel to the dipping-needle there is no current at alL 
For a given position of the axis, the current varies directly as the 
speed of rotation. When the time of a revolution is only a small 
fraction of the time in which the needle would oscillate, the varia- 
tions of electro-motive force, and consequently of current, which take 
place during a revolution, have not time to manifest themselves, and 
the deflection of the needle is that due to the average current. It is 
necessary, however, that a commutator be employed to prevent the 
reversal of the current at each half-revolution. The proportionality 
of the current to sin is easily inferred from the principles of the 
foregoing sections; for if the plane of a circle, instead of being per- 
pendicular to the lines of force, is inclined to them at an angle fl, 
the number of force-tubea which it incloses will be not wr*!, but 
TJ-^Iaiuft 

614a. firitlsh ABSOciation Ezperimant. — The experiments upon 
which the present standards of resistance depend for their authority, 
were conducted by a committee of the British Association in 1862, 
A cireular coil of wire, with its ends joined, was made to revolve 
rafiidly. at a measured rate, about a vertical axis; and the current 
induced was measured by the deflection of a magnetized needle sus- 
pended, within a glass case, in the centre of the coil. The part of 
the earth's magnetic force which comes into play in this aiTangement, 
is only the horizontal component, or I cos 3, 3 denoting the dip; and 
it is worthy of remark that variations in the horizontal intensity do 
not alter the deflection of the needle, since they affect to the same 
extent the amount of the induced current, and the terrestrial couple 
on the needle tending to resist deflection. 

All the other elements involved were determined by observation, 
and hence the value of R in metres per second was calculated. By 
comparing the resistances of other coils with that of the coil naed in 
this experiment (a comparison easily made by ordinary methods), 
their values in metres per second were at once determined; and it 
was easy to construct a resistance-coil of ten million metres per second, 
or any other desired amount of resistance. Standard resistance-coils 
are usuallj' made of German silver; this material being selected on 
account nf the smallness of its temperature correction. All metalfi 
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have their resiatunces increased by heut, and a standard coil ( 
therefore only be correct at one particular temperature. 

616. ladnction of a Current on Itself: Extra Current. — If two por- 
tions of the same wire are side by side, the sudden coimnencemenf 
or cessation of a current in one, induces a current in the other, just 
as if they were portions of two unconnected circuits. An action of 
this kind occurs whenever a current commences or ceases in a coil, 
each convolution exercising an inductive influence on the rest This 
nction is called the induction of a cui-rent upon itself, and the cut 
rent due to it is called an eictra cun'ent. 

The exti-a current on the commencement of the primary current II 
inverse, and merely acts as a hindrance to commencement; but the 
extra current on the stoppage of the primary current is dii-ect. and 
is oflen a strongly-marked phenomenon. Hence it is that, with 
batteries of ordinary power, a spark is obtained on breaking, but not 
on making connection. The spark is particularly brilliant when a 
coil of many convolutions is included in the circuit, and especially if 
this coil incloses a core of soft iron. If an observer holds in his hands 
two metallic handles permanently connected with the two ends of 
aach a coil, and if the circuit of the batteiy is alternately made 
and broken, he will receive a shock from the extra current at 
each interruptioiL If the interruptions succeed each other ra]>idly, 
the physiological etfect may become very intense. Many of the 
machines employed for medical purposes are constructed on thia 
plan. 

Special contrivances are provided for producing a rapid succession 
of interruptions at regular intervals. They are called rheotovies or 
contact-breakers. Sometiraes they consist of toothed wheels turned 
by hand, — sometimes of vibr.^ting armatures moved automatically. 

616. EnhmkorTe Induction-coil. — Induced curi^nts capable of pro- 
ducing very striking effects are furnialied by Ihe apparatus first 
Buccessfutly constructed by Ruhmkortf, and hence known as Ruhm- i 
korff's coiL I 

It contains two coils of wire, one of them forming part of the d 
circuit of a battery, and called the primary coil ; while in the other, 
called the secondary coil, the induced currents are generated. In the 
axis of the coils is a bundle of stout straight wires of soft iron, with 
a disc of the same material at each end, to which the wires are 
united. Around this core is wound the primary coil, consisting of 
a copper wire about two millimetres in diameter. The ends of thia 
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wire are shown at / and f. The secondary coil condsts of much 
Sner wire (about a quarter of a millimetre in diameter) aad of much 
greater length. In large instruments the primary coil may have a 
length of 80 metres, and tlie secondary a length of 150 kilometres 
(94 miles). Special precautions must be taken to insulate the dif- 
ferent convolutions of the secondary coil from one another, and from 
the primaiy coil. The two ends of the secondary wire are at the 
binding-screws A, B, which are suppoi-ted on ghiss pillai^ It is 
obvious tliat if currents are alternately passed and stopped in the 
primary coil, there will be an alternate generation of currents (or at 
all events of electro-motive forces) in opposite dii-ections in the 
secondary coil Tlie action of the core is similar to that of the soft- 
iron bar in Fig. 545, and its inductive effect va always in the same 
direction as that of the primary coil, for the primary coil may itself 
be regarded as a temporary magnet with its poles turned the same 
way as those of tlie core. 

The successive makes and breaks are effected automatically in 
various ways. In small instruments the arrangement adopted is 
usually the some as tliat of the vibrating alarum described in § 387; 




but for large instruments Foucault's contact-breaker is preferred. 
It is represented in its place in Fig. 547. 

The wires from the battery are attached at 6 and b'. The current, 
entering for example at b, passes to tlie commutator C, and thence, 
through a brass bar let into the table, to the end / of the primaiy 
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coiL Having traversed tliia coil, it cornea out at/', and is conducted 
to a vertical pillar, carryiDg at ita upper end a, spring, to whicli the 
transverse lever L is attached. One end of the lever carries a point 
which just dips in the mercury of the ve.ssel M, the bottom of wliicli 
is metallic, and is in communication with b'. The other end of the 
lever carries a small armature of soft iron just above the end of the 
core. 

When the current passes, the core becomes magnetized and 
attracts this armature, thus lifting the point at the other end of the 
lever out of the mercury and breaking circuit The core being thus 
demagnetized, the elasticity of the spring release.'* the armature, and 
the point again dips in the mercury, and completes the ciixiuit. A 
thin layer of absolute alcohol is usually poured on the surface of the 
mercury, and serves, by its eminent 
non-conducting power, to make the 
interruptions and renewals of the cur- 
rent more sudden. 

The commutator C is a frequent 
appendage to electrical apparatus, its 
office being to stop the current from 
passing, or to make it pass in either 
direction at plejisure. As fitted to 
Ruhmkorff's coil, it has usually the 
form represented in end view and 
bird's-eye view in the two parts of 
Fig. 548. There ia a cylinder of in- 
sulating material turning by means of 
metallic axle-ends on insulating sup- 
ports. One of the axle-ends is con- 
nected by means of the screw g with 
the bi'ass plate C on the surface of the 
cylinder. A similar plate C on tlie 
opposite side is in like manner per- 
manently connected with tiie other pig. ms.— commauiDr. 
axle-end by the screw g'. These two 

plates CC leave between them a considerable portion of the insulat- 
ing surface of the cylinder uncovered. In the position represented 
548, the two binding-screws A A' are connected respectively 
the two axle-ends. If the commutator were turned (by its 
1 head) through 180°, these connections would be reversed; and 
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if it were turned through 90', the connections would be interrupted, 
as the contact-springs //' would hear against the uncovered portions 
of tlie insulating cylinder. The milled head is of course insulated 
from the axle-ends so an to protect the operator. 

617. Spark from Induction Coil. — When the ends of the secondary 
coil are connected, currents traverse it alternately in opposite direc- 
tions, as the primary circuit is made and broken. These opposite 
currents convey equal quantities of electricity, and if they are em- 
ployed for decomposing water in a voltameter, the same proportions 
of oxygen and hydrogen are collected at both electrodes. If, how- 
ever, the ends are disconnected, go that only disruptive discharge can 
occur between them, the inverse current, on account of its lower 
electro- motive force, is unable to overcome the intervening resistance, 
and only the direct current passes (that is, the current produced by 
breaking the primary circuit). The sparks are from an inch to about 
1 8 inches long, according to the size and power of the apparatus, and 
exhibit effects comparable to those obtained by electrical macluDea. 
A Leyden battery may be charged, glass pierced, or combustible 
bodies inflamed. 

The great electro-motive force of the induced current, which enables 
it to produce these strikiiig effects, depends on the great number of 
convolutions of the secondary coil, and on the suddenness 
of the interruptions of the primary current The quantity 
iif electricity which passes through the secondary coil 
depends on the product of the number of convolutions by 
the number of tubes of force which cut through them 
(t;613F),and is the same whether the cessation be sudden 
or gradual ; but the electro -motive force varies inversely 
as the time occupied. 

I'he discharges from a RuhmkorfTs coil become more 
violent and detonating if the two electrodes are con> 
nected respectively with the two coatings of a Leyden 
jar or other condenser. An api>aratiis consisting of nu- 
merous sheets of tin-foil separated by oiled silk (alternate 
sheets of foil being connected) is frequently employed 
for this purpose, and is placed beneath the instrument 
lia'i PuH so as to be out of sight 

Induction coils are often used for firing mines, by means 
of Statlinm's fuse, which is represented in the annexed figure (Fig, 549), 
Two copper vires covered with gutta-percha have their ends sepa- 
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rated hy a space of a few millimetres, and incloaed in a little cylinder | 
of gutta-percha containing suiphuret of copper. This, again, is inclosed 
in a cartridge, CD, whicli is filled up witli gunpowder. Tlie two 
wires are connected with the two ends of _ _^__^ 
the secondary coil, and when the instru- 
ment is set in action, sparks pass betwc^en 
the ends A, B, heating the sulphuret of cop- 
per to redness, and exploding the powder. 

618. Discharge in Barefled Oases. — When 
the ends of the secondaiy coil are con- 
nected with tlie electrodes of the electric 
0^ (Fig. 550), which has iirat been ex- 
'jbausted as completely as possible by the 
Air-pump, a luminous sheaf, of purple col- 
our, is seen extending from the positive 
ball to within a little distance of tlie ne- 
:gative ball The latter is surrounded by 
» bluish glow. The blue and purple light.-* 
are separated by a small interval of dark- 
ness. If other gases are used instead of 
air, the tints change, but there is always a 
decided diSerence of tint between the posi- 
tive and negative extremities. By the aid 
<rf the conimutiitor it is easy to reverse the 
current, and thus produce at pleasure an 
interchange of the appearances presented 
by the two terminals. 

If, before exhausting, we introduce into the egg a little alcohol,,] 
turpentine, or other volatile liquid, the light presents a series ofl 
bright bands alternating with dark spacea Plate II. Fig. 1 repre-l 
sents these stratifications as seen in vapour of alcohol. 

The phenomenon of stratification is seen to more advantage in 
long tubes than in the electric egg ; and the presence of alcoholic or 
other vapour may be dispensed with if the exhaustion be carried 
sufficiently far, as in the tubes constructed by Geissler of Bonn, 
which contain various gases very highly rarefied, and have pla- 
tinum wires sealed into their extremities to serve as electrodes. 
Four such tubes are represented in Plate II. Certain substances, 
Huch as uranium glass, and solution of sulphate of quinine, 1 
luminous in the presence of the electric light, and are called Jiuorea'M 
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cent Such substances are often introduced into Geiaaler'a tubes, for 
the sake of the brilliant effects which they produce. 

f. 619. Action of Magnets on Cnnents 

IB Earefled Oases. — The luminous dis- 
charces in Geissler's tubes are, like 
the voltaic arc, veritable currenta 
They are capable of deflecting a niiig- 
netized needle, and are themselves 
acted on by magnets, as in the fol- 
lowi'ig experiment A soft-iron rod 
(Fig. 551) is fitted in the interior o! 
A glass vessel from which the air can 
be exhausted, and is coated with an 
insulating substance to prevent dis- 
charge between it and a metallic ring 
which surrounds it near its lower end. 
When the terminals of a battery ar* 
connected, one with this ring, and the 
other with the upper end of the ap- 
paratus, a luminous sheaf extends from 
the summit towards the wire ring, 
and surrounds the soft iron. If, while 
things are in this condition, we place beneath the apparatus one 
pole either of a permanent magnet or an electro- magnet, the soft-iron 
rod is magnetized, and the luminous streaks immediately begin to 
revolve round it, the direction of rotation being always in accordance 
with the rule of § 531 13. 

620. Magneto-electric Uachines. — Faraday's discovery of the in- 
duction of currents by magnets, was speedily utilized in the construc- 
tion of magneto- electric machines, which, without a battery, and with 
no other stimulus tlian that afforded by the presence of a permanent 
magnet, enable the operator, by the expenditure of mechanical work, 
to obtain powerful electrical effects The first machine of this kind 
was constructed in 1833 by Pixii. A magnet A was made to revolve 
close to a double coil B B', in which a current was thus generated 
The construction was improved by Saxton, and afterwards by Clarke^ 
who made the magnet fixed, and caused the coil, which is mucJi 
lighter, to rotate in front of it Clarke's machine is extremely well 
known, being found in nearly all collections of physical apparatua 
681. Clarke's Uaohine. — In this machine there Ls a compound 
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horse-shoe magnet fixed to a verticiil support. Close in front of fbn 
magnet, near its pules, are two 
connected coils t,t', each contain- 
ing a soft-iron core. The two 
cores are united by a plate of 
copper on the side next the mag- 
net, and by a plate of soft iron 
on the remote side. The dii-ec- 
tion of winding in the two coils 
is the same as for an ordinary 
horseshoe electromagnet. Tiie 
coila are mounted on an axis 
f, which passes through the sup- 
port of the steel magnet, and car- 
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pinion, anil with it the coils, can be made to revolve rapidly. The 

B of the wire which forms the two coila are connected respectively 

nth tlie two metallic pieces E, E' (Fig. 554). which are mounted on 

the axis, but insulated fix>m 

it and from each other. 

Let us now examine the 
formation of the currents. Tlie 
two iron cores, with their con- 
necting iron plate, may be re- 
garded aa a temporary horse- 
shoe magnet, whose poles are 
always of opposite name tu 
those of the steel magnet which 
are respectively nearest to 
them. The intensity of mag- 
netization is greatest when the 
aufl-iron magnut is horizontal, vanishes when it is vertical, and iu 
passing tbrougli the vertical position undergoes reversal. If we call one 
direction of magnetization positive and the opjioBite direction negative, 
the strongest positive magnetization corresponds to one of the two 
horizontal positions, and the strongest negative to the other, the 
two positions differing by 180°. Wliile the magnet, then, is revolv- 
ing from one horizontal position to the other, its magnetization is 
changing from the strangest positive to the strongest negative, and 
this change produces a current in one definite direction in the sur- 
rounding coil. During the next half- revolution the magnetization 
is again gradually reversed, and an opposite current is generated in 
the coil. If we examine the direction of the cuirents due to the 
cutting across of the lines of force of the permanent magnet by the 
convolutions of the coil, we shall lind that tliey concur with those 
due to the action of the cores. The current in the coils circulates 
in one direction as long as the electro-magnet is moving from one 
horizontal [losition to the other, and changes its direction at 
the instant when the cores come opposite the poles of the steel 
magnet. 

By the aid of the commutator represented in Fig. 554, the currents 
may be made to pass always in the same direction through an 
external circuit r and r' are two contact-springs bearing against 
the two metal pieces E, E', which are the terminals of the coU. At 
the instant when the current in the coil is reversed, tbeae s 
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n contact with intermediate insulating {pieces which separate tbe 
metallic pieces E, E'. When the current in the coil is in one direc- 
tion (say from E to E^, r is in contact with E. and r' with E'. ^^en 
ttie current in the coil is in the opposite direction (E' to E), r is in 
contact with E'. and r' with E ; thus in each ease r is the positive 
tnd r' the negative spring, and the current will be from )■ to r' in an 
external connecting wire. 00, O'C, are metallic pieces insulated 
from each other, and connected with the spnnga rr' respectively. 
Binding-screws are provided for attaching wires through which the 
current is to be passed. 

With this machine water can be decomposed, wire heated to red- 
, or soft iron magnetized; but these effects are usually on % 
mall scale on account of the small dimensions of the machina 

For giving shocks, two wires furnished with metallic handles are 
attached to the binding-screws, and a third spring is employed which 
■puts the terminals E E' in direct connection with each other twice in 
Wch revolution, by making contact with two plates ^. When these 
flontocts cease, the current is greatly diminished by having to paai 
through the body of the person holding the handles, and the extra- 
earrent thus induced gives the shock. To obtain the strongest effect^,] 
^e hands should be moistened with acidulated water before graspii 
lifae handles. 

633. Hagneto-electTic Machines for Ligbthoases. — Yery powerful 
iffects can be obtained fi-om magneto-electric machines of large 
driven rapidly. Such machines were first suggested by Professor 
Hollet of Brussels; and they have been constructed by Holmes of 
rtjondon and the Compagnie 1' Alliance of Paris. It is by means of 
tlese machines that the electric light is maintained in lighthouses; 
ibey have also been employed to some extent in electro-metallurgy, 
S^. 555 represents the pattern adopted by the French company. 
Jt has eight rows of compound horse-shoe magnets fixed symmetri- 
cally round a cast-iron frame. They are so arranged that opposite 
poles always succeed each other, both in each row and in each cij 
oular set. There are seven of these circular seta, with of course si: 
intervening spacea Six bronze wheels, mounted on one central axii^j 
revolve in these intervals, the axis being driven by steam-powi 
transmitted by a pulley and belt. The speed of rotation is usually 
about 350 revolutions of the axis per minute. Each of the six 
l)ronze wheels carries at its circumference sixteen coils, corresponding 
te the number of poles in each circular set The core of each coil is 
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a cleft tube of aoft iron, this form haviDg been found peenlui^ 

fiivourable to rapid demugnetizatiua. 
Eadi core baa its uiagnetism reverse'! 




tion, hy tbe iiithieiiue uf tlie si xtef u aucMJessive pairs of pulea LetwceB 
wbicb it posses, and tlie saiue Dumber of currents in alternate! I 
opposite directions are generated in the coils. The coils can be c 
nected in different ways, according as great electro- motive force o 
small resistance is required. The positive ends are connected with! 
the axis of tbe macbine, which thus serves as tbe positive electrode,! 
aud a concentric cylinder, well insulated &om it, ia employed as thff 
negative electrode. 

Wlieii tbe macbine is employed for the production of the electrl 
light, tbe currents may be tmnsmitted to the carbon points in alUm 
nate directions, as they are produced. For electro-metallurgi.l 
purposes tbey are biougbt into one constant direction by ( 
mutator, as in Clarke's machine above described. The driving-po\B 
required for lighthouse purposes is about three horae-power. 

623. SiemenB' Armature. — An important improvement in Clarkl 
machine was introduced by Siemens of Berlin in 1854. It consLi 
in the adoption of a peculiar form of electro-magnet, which ts repV 
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pented in E'ig. 556. The iron portion is a cylinder with n very deep 
uid wide groove cut along a pair of opposite sides, and continued 
round the ends. The coil is wound in this groove like _ 

thread upou a shuttle. Regarded as an electro -magnet, J) 

the poles are not the ends of the cylinder, but are the ■! 
3 cylindrical faces which have not been cut away. In 
;. 557, a 6 is a section of the armature with the coil 
round upon it. ABMN is a socket within which the 
armature i-evolves, the portions AB being of iron, and 
M N of brass. 

The advantage of Siemens' armature is that, on account 

{ the amall space required for its rotation, it ean be kept 

^ a region of very intense magnetic force by the use of 

mpaiutively small magnets. Its form is also eminently 

Kvourable to rapid rotation. It is placed l)etween the 

^posite poles of a row of liorse-shoe magnets which be- 

tride it along the whole of its length, as shown at the 

p of Fig. 559, and is rotated by means of a driving-band 

saing over the pulley shown at the lower end of Fig. 556. 

The polarity of the electro-mngnet is reversed at eacli 

I beif-re volution as in Clarke's arrangement, and the alter- 

koately opposite currents generated are reduced to a com- 

■mon direction by a commutator nearly identical with 

■Oarke's, and represented in Figs. 556, 558. Siemens' pig. ssu. 

ichines are much more powerful than Clarke's when of *^I^^*'' 
pthe same size. 

624. Accumulation by Successive Action: Wilde's Machine. — d^ 



J 




mploying the current &om a Siemens' machine to magnetize soft 
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iron, we can obtain an electro-mngnet of much greater power than 
the steel magnets from whose induction the current waa derived. 
By causing a second coil to rotate between tlie poles of this electro- 
magnet, we can obtain a current of much greater power than the 




primary currents This is the principle of Wilde's machine, which is 
represented in Fig. 559. It consists of two Siemens' machines, one 
above the other. The upper machine derives its inductive action 
from a row of steel magnets M, whose poles reet on the eofb-iron 
masses m,n, forming the aides of the socket within which a Siemens' 
■jmature r rotatea The currents generated in the coil, after being 
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reduced to a uniform dtrectioD by a commutator, flow to tlie 
binding-acre wa p, q. These are the terminals of tlie coil of the large 
electro-magnet AB, through which accordingly the current circulatea 
The core of this electro- magnet consists of two large plates of iron, 
connected above by another iron plate, which supports the j)riraary 
machine. Its lower extremities rest, like those of the primary 
magnets, on two iron masses T, T, separated by a mass of brass i; 
and a second Siemens' armature F, of large size, i-evolving within 
this system, furnishes the cunents whicii are utilized externally. 

Wilde's machine produces caiorific and luminous effects of remark- 
able intensity ; but the speed of rotation required is very great, being 
sometimes 1500 revolutions a, minute for the large, and 2000 for the 
small armatui-e. This great speed involves serious inconveniences; 
and the machine does not appear to have been used for lighthouses, 
or other practical purposes. 

Wilde's principle can be carried further. The cunent of the second 
armature can be employed to animate a second electro-magnet of 
greater power than the iii-st, with a third Siemens' armature revolving 
between it's poles. This has actually been done by Wilde. By 
means of the current from this triple machine, driven by 15 horse- 
power, the electric light was maintained between two carbons as 
thick as a man's finger, and a bar of platinum 2 feet long and a 
quarter of an inch in diameter was quickly melted. 

This system of accumulation could probably be cairied several 
steps further, but always with the expenditure of a proportionately 
large amount of energy in driving it In no magneto-electric 
machine can the electrical energy obtained exceed the mechanical 
energy expended in producing it 

636. Accumulation by Mutual Action; BiemenB' and Whe&tBtone's 
Ufachine. — Siemens and Wheatstone nearly simultaneously proposed 
the construction of a magneto-electric machine in which the induced 
currents are made to circulate round the soft-iron magnet which pro- 
duced them. Iron has usually some traces of permanent magnetism, 
especially if it has once been magnetized. This magnetism serves 
to induce very feeble currents in a revolving armature. These cur- 
rents are sent round the iron magnet, thus increasing its magnetiza- 
tion. This again produces a proportionate increase in the induced 
currents; and thus, by a successive alternation of mutual actions, 
very intense magnetization and veiy powerful currents are speedily 
obtained In the machine as exiiibited by Siemens in 1867, 1 
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current was diverted into an external circuit, at regular intervala, by 
an automatic arrangement. 

626. Ladd'e Uachine, — Ladd in 18G7 constructed a machine based 
on tlie principle of mutual action just described; but, instead of 
utilizing tlie current by occasional interruptions, he employed a 
second levolving armature whose coil was in permanent connection 
with the external circuit, 

B, B' (Fig. 5C0) are two plates of iron eurrounded by coils which 
are connected at the right-hand end so as to form but one circuit. 
The other ends are attached to two binding-screws connected with 
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the ends of the coil of a Siemens' armature a'. The direction of 
winding of the two large coils BB' is the same as for a horae-ahoe 
magnet, so that the two poles at either end are of opposite sign. 
The ends of the cores are let into masses of soft iron M M, N N, 
between which two armatures a a' rotnte. The coil of the armature a 
is connected with the external circuit containing, for example, two 
carbon points for exhibiting the electric light. 

On the principle of mutual action, the electro-magnets B,B', which 
we may suppose to have at first only a trace of magnetism, are soon 
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niaed to very inteDse magnetizatloD by the mpid rotation of the 
armftture a', and as long aa the rotation continiiea, the magnetization 
is maintaine<l. The rapid rotation of the other armature a between 
the poles thus strongly excited, produces a very powerful current 
which can be utilized externally. 

Kubmkorff has modified the arrangement by using a single rotating 
armature with two coils wound upon it, one of them being connected 
with the electro- magnet, and the other with the external circuit 

The efficiency of machines of this description, regarded as means 
for the transformation of mechanical into electrical energy, is un- 
doubtedly very considerable ; nevertheless it is not perfect, a large 
amount of energy being wasted in genei-ating heat On account of 
the high velocity necessary for efficient working, and the small size 
of the apparatus in comparison with the currents obtained, the eleva- 
tion of temperature is often bo great as to prove a source of much 
annoyance. 

6S6a. Wheatstone's Telegraphic Carrents. — In Wheatstone's Univer- 
sal Telegraph, which has been partially described in a previous 
chapter, the magneto-electric currents which give the signals are 
produced by causing a small (iat bar of soft iron to rotate rapidly 
before the poles of a steel horse-shoe magnet, which has two con- 
nected coils of wire wound upon it in the same manner as upon 
electro-magnets. It is in these coils tiiat the currents are generated, 
' the iron bar being a temporary magnet, and thus influencing the coils 
nearly in the same manner as if it were a permanent magnet. A 
current is induced in one direction as it approaches the poles, and in 
the opposite direction as it recedes 
from them, so that altogether four 
currents are generated in each 
complete revolution. On account 
of the lightness of the bar, it 
can be rotated with great rapi- 
dity. 

627. Arago's Eotatione. — Fara- 
day successfully applied his dis- _ 

covery of magneto-electric indue- p,^ ^,,1 _.^mc'i« itiiMionM, 

tion to account for a phenomenon 

first observed by Arago in 1824, and subsequently investigated by 
Sabbage and Sir John Herschel. A horizontal disc of copper h b, 
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placed in the interior of a box, is set in rapid rotation by turning a 
handle Just over the copper disc, but above the thin plate which 
forma the top of the box, a magnetized needle aa is balanced horizon- 
tally, When the disc is made to I'otate, tlie needle is obser^'ed to 
deviate from the meridian in the direction of the rotation. When 
the Bpeed of rotation exceeds a certain limit, the needle is not otdy 
deflected, but carried round in continuous rotation in the suae 
direction as the disc. 

The explanation is to be found in tlie currents which are induced 
in the disc by its motion in the vicinity of the magtietized needle. 
The forces between tbese currents and the needle are (by Lcnz's law) 
such as to urge the disc backwards ; and, from the universal relation 
which subsists between action and reaction, tliey must be such as to 
urge the needle forwards; hence the motion. The direction of the 
induced current at any instant is in fact along that diameter of the 
disc which is directly under the needle, the circuit being completed 
through the lateral portions of t)ie disc ; and it is evident that a 
current thus flowing parallel to tlie needle underneatli it tends to 
produce deflection. If the continuity of the disc is interrnpted by 
radial slits, the observed effect is considerably weakened inasmuch 
as the return circuit is broken. Faraday succeeded in directly 
demonstrating the existence of currents in a disc rotating near a 
fixed magnet, by exploring its .surface with the amalgamated ends 
of two wires connected with a galvanometer. 

The experiment performed by Arago may be reversed by setting 
the magnet in rotation, and observing the effect produced on the 
disc. The latter, if delicately suspended, will be found to rotate in the 
same direction as the magnet. This experiment was first performed 
by Babbage and HerscheL Its explanation is identical with that 
just given. In both cases the induced rotation must be slower than 
that of the body turned by hand, as the existence of the induced 
cunents depends upon the motion of the one body relative to the 
other. 

When an iron disc is used instead of a copper one, magnetism is 
induced in the portions which pass under the poles of the magnet; 
and as this requires a sensible time for its disappearance, there ifl 
always attraction between the poles of the needle and the portions of 
the disc which have just moved past Tlie needle is thus drawn 
forwards by magnetic attraction, and the observed effect is similar to 
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that obtaioed with the copper disc, though the cause' ia altogether 
diSerent. 

6S7a, Copper Dampers. — Precisely similar to the above is the 
explanatioQ of the utility of a copper diac in checking the vibrations 
of a inaguetized Deedte under wliich it is fixed. As the needle swings 
to either side, its motion induces currents in the copper which urge 
iLe needle in the opposite dii'ection to that in wliich it is moving. 
When it rests for an instant at the extremity of its swing, the cur- 
rents ceaae ; and as soon as it begins to return, the currents again 
resist its motion. A copper plate thus used is called a damper, and 
the vibrations thus resisted and destroyed are said to be damped. 
\ The name is applied to any other means for gradually destroying 
i vibrations, and is probably based on the analogy between this action 
and the steadying action of a liquid upon a suspended body immersed 
in it 

The resistance which induced currents oppose to the motion pro- 
ducing them is well illustrated by Faraday's experiment of the copper 
cube. A cube of copper is suspended by a thread, and set spinning 
by twisting the thread and then allowing it to untwist. li^ wiiile 
spinning, it is held between the poles of a powerful magnet, like that 
represented in Fig. 432, it is instantly brought to rest If the poles 
are brought very near together, so as to heighten the intensity of the 
field, and a thin sheet of copper is inserted between them and moved 
rapidly in its own plane, the operator feels its motion resisted by 
Borne invisible influence. The sensation has been comjmred to that 
of cutting cheese. Foucault's apparatus for the heating of a copper 
disc by rotating it between the poles of a magnet (§ 356), is another 
illustration of the same principle. In all cases where induced cur- 
rents are generated, and are not called upon to perform external 
work, they yield their full equivalent of heat. 

The advantage of employing copper in experiments of this kind 
arises fi-om its superior conductivity, to which the induced currents 
are proportional. 

628. Slectro-medical Hachines. — The application of electricity is 
often resorted to for certain nervous affections and local paralyses. 
Many different forms of apparatus are employed for this purpose. 

' That U to uy, the ntain cautt; lot there niiut be induced currenti in the iron M well 
I in (he copper, though inlerior in strength, on Kooaunt of the inferior conduotlvitj of the 
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One of tile moat convenient ia represented in Fig. 562. Two sm&U 
coils connected with each other, and furnished with a vibrating 
contact-breaker, are ti-aversed by 
the current from a miniature bat- 
tery. The coils are surrounded by 
hollow cylinders of copper or brass, 
in which induced currents are gen- 
erated as often as the current in the 
coils is established or interrupted. 
This action diminishes the energy 
of the extra-currenta on which the 
shock depends, and the operator can 
accordingly regulate its strength at 
pleasure by sliding the cylinders on 
or off 

6S8a. Caution regarding Lines of 
Force. — After the very extensive 
use which has been made in this 
volume of lines and tubes of force, 
we think it right to caution the 
reader against supposing that these 
conceptions depend upon any doubtful hj'pothesis. They merely 
serve, like meridians and parallels of latitude, to map out space in a 
mode convenient for the statement of physical lawa 




Fig. HI.— KlHtrfi-DwdliBl N(c) 
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ON ELECTRICAL AND MAGNETIC UNITS. 

(1). The numerical value of a concrete quantity is iia ratio to a 
I particular unit of the same kind ; the selection of this unit being 
f always more or less arbitrary. 

(2). One kind of quantity may, however, be so related to two or 
[ more others, as to admit of being specifled in terms of units of these 
kotber kinda For example, of the three kinds of quantity, called dis- 
rtance (or length), time, and velocity, any one is capable of being 
1 in terms of the other two. Velocity can be specitied (as 
I'T^ards amount) by stating the distance passed over in a specified 
f tim& Distance can be specified by stating the velocity required for 
I describing it in a specified time, and time can be specified by stating 
k'the distance described with a specified velocity. 

Force, distance, and work are in like manner three kinds of quan- 
Etity, of which any two are just sufficient to specify the third. 

(3). Calculation is greatly facilitated by employing as few original 
Lor underived units as possible. These should be of kinds admitting 
vof easy and accurate comparison; and all other units should be 
^derived from them by the simplest modes of derivation vliicli are 
I, Available. 

(4). Velocity is proportional directly to distance described, and 
Kinversely to the time of its description; and is independent of all 
l.other elements. Tliis is expressed, by saying that the dimenmona 

r , , ., distance lenctb 

^/velocity are ^^^^ or -^^. 

Again, if we define the unit of velocity to be that with which unit 

|;di6tance would be described in unit time, the real magnitude of the 

^anit of velocity will depend upon tbe units of length and time 

elected, being proportional directly to the real magnitude of the 

', and inversely to the real magnitude of the latter. This is 
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expressed by saying tliat (he diviensionB of the unit of velocity are 
-^^. Both forms of expression are convenient; and the ideas 
which tliey are intended to express are logically equivalent 

(5). All electrical and magnetic units can be derived from units of 
tengtl), mass, and time. We shall denote length by I, muss by m, 
and time by (. 

(6J. The unit of velocity is the velocity with which unit length is 
described in unit time. Its dimensions are -^■ 

(7J. The unit of accel&ration is the acceleration which gives 

■unit increase of velocity in unit time. Its dimensions are '^J^ 

I 
or jT 

(8). The unit/oree is tlmt which acting on unit mass produces unit 
acceleration. Its dimensions are mass X acceleration, or ji- 

{9). The unit of work is the work done by unit force working 
through unit length. Its dimensions are force x length, or -^. 

(10). Tlie unit oikinetic energy is the kinetic energy of two units 
of mass moving with unit velocity (according to the formula J m if). 
Its dimensions are mass x (velocity)^, or -^, , and are the same as the 
dimensions of work. It might appear simpler to make it the energy 
of one unit of mass moving with unit velocity ; but if this change 
were made, it would be necessary either to halve the unit of work, 
or else to make kinetic energy double of the work wliich produced 
it. Either of these alteiuatives would involve greater inconvenience 
and complexity than the selection made above. 

UNITS OF STATICAL ELECTEICITY. 

(1 1). Let q denote quantity of electricity measured statically, so 
that tlie mutual repulsion of two equal quantities q at distance I, is 
p. This being equal to a force, the dimensions of q^ must be 
(length)* X force, or -^, and the dimensions of q must be — ^ — ■ 

(12), Let V denote difference of potential. Then the work re- 
quired to raise a quantity q through a difference of potential V, 
is oV. The dimensions of V are therefore '^^^, or ~ — rri. « 
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The dimensions of potential are of course the same a 
difference of potential 

(13). The capacity/ of a conductor is the quotient of the quantity 
of electricity with which it is charged, by the potential wliich this 
charge produces in the conductor. The dimensions of capacity 
are therefore —^ • j^^fji, or simply L In feet, as we have seen 
(§ 445m), the ca])acity of a spiiertcal conductor is equal to its radius. 



MAGNETIC AND ELECTEO-MAaNETIC UNITS. 

(14), Let P denote the numerical value of a pole (or the strength 
of a pole). Then, since two equal poles P at distance I repel each 
other with the force ,-g, which must be of the dimensions '^i, the 
dimensions of P are "' ^ ' . 

(15). Let I denote the intensity of a, magnetic /eW. Then, apole 
P in this field is acted on with a force PI, This must be of the 
dimensions "'f Hence, the dimen,sions of I are "', ■ r-i-j,, or 



(16). Let M denote the moTiient of a magnet. Since it is the 

product of the strength of a pole by the distance between tw o poles, 

.. ,. mlM 

its dimensions are -j— ■ 

(17). Intensity of magnetization is the quotient of moment by 
Tolome Its dimensions are therefore ;, or jyi These are the same 
as the dimensions of intensity of field. 

(18). When a magnetic substance is placed in a magnetic field, it 
is magnetized by induction ; and each substance has its own specific 
co-effixient of magnetic induction (constant, or nearly so, when the 
field is not excessively intense), which expresses the ratio of the 
intensity of the induced magnetization to the intensity of the 
field. For diamagnetic substances, this co-eflicient is negative, 
tliat is to say, the induced polarity is reversed, end for end, as 
compared with that of a paramagnetic substance placed in tlie 
eame field, 

(19). The work required to move a pole P from one point to 
another, is the product of P by the difference of the magnetic poten- 
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tials of the two pointsL Hence, the dimensions of tna/fnetir potvn- 

(lai are -^ ;pjy, or ^. 

(20). A current C flowing along a circular arc, produces at the 
centre of the circle an intensity of field equal to C multiplied by 
length of arc divided by square of radius. Hence, C divided by a 
length LS equal to a field-intensity, the dimeosioos of which ore n-,i 
and the dimensions of C are ^—. 

{21). The quantity/ Q of electricity conveyed by a current is the 
product of the current by the time that it lasta Its dimensions are 
therefore Tuiti. 

(22). The work done in urging a quantity Q by an electro-motive 
force E is E Q, hence the dimensions of electro-motive force are -ry 
^j^-jYj or — ^T^ ; and as electro-motive force is difference of potential, 
these are also the dimensions o^potenliaL 

(23). Thecujwci^^ofaconductoris the quotient of quantity of elec- 
tricity by potential; its dimensions are therefore -j. 

(24), The resistance R of a circuit is, by Ohm's law, equal to >,. 
Its dimensions are therefore ^^i- ^,j, or ^, and are the same as the 
dimensions of velocity. 

(25). On comparing the dimensions of the same element as mea- 
sured accoi'ding to the two systems, it will be observed that they 
are not identical. The dimensions of quantity of electricity, for 
example, in the first system, are to its dimensions in the second, as 
Z to i; anil the dimensions of capacity are as i* to (*. Accordingly, 
the ratio of the electro-static to the electro-magnetic unit of quantity 
is equal to a length divided by a time ; that is to say, is equal to a 
velocity. From experiments in which the same quantity of electri- 
city was measured both statically and magnetically, it appears that 
this ratio is in fact identical with the velocity of light Professor 
Clerk Haxwell maintains that light, electricity, and magnetism are 
all affections of one and the same medium; that light is an electro- 
magnetic phenomenon, and that its laws can be deduced from those 
of electricity and magnetism. 

Notwithstanding this difference of dimensions, two quantities of 
electricity which are equal when compared statically, are also equal 
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when compared magnetically ; or if one be double of the other when 
compared statically^ it will also be double of the other when compared 
magnetically. 

(26). An illustration from a somewhat more famUiar department 
may assist the reader in convincing himself that it is possible for one 
and the same kind of quantity to have different dimensions according 
to the line of derivation employed. It is well known that uniform 
spheres attract each other with a force which is directly as the pro- 
duct of their masses, and inversely as the square of the distance 
between their centrea If this law were made to furnish the unit of 

force, the dimensions of force would be -jr, instead of jr> as pre- 
viously found The ambiguity depends partly on the fact that I in 
the one formula denotes distance between attracting centres, and in 
the other distance moved over. It is only when the mode of deriva- 
tion is distinctly specified, or is too obvious to need specification, 
that the dimensions of a quantity admit of being determinately stated. 
As the definition of a derived unit necessarily involves a specification 
of the mode of its derivation, there is soine advantage in speaking of 
the dimensions of a unity rather than of the dimensions of the quan- 
tity which the unit serves to measure. 

(27). Derived units are often called absolute units ; but it seems an 
abuse of language to define a unit by its relation to other arbitrary 
units, and then call it absolute. 
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